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1.1 General introduction 
Infections with gastrointestinal nematodes are regarded as a major source of 
economical losses in grazed cattle worldwide. The economical impact generated by 
gastrointestinal parasites is mainly related to the production losses, anthelminthic use and 
veterinary care costs. In Europe, the cost per cow, which is estimated to be around 46€, is 
inherent in the major part to production loss [1]. Different studies conducted on first-season 
grazing calves and on older cattle highlighted the negative impact of gastrointestinal 
nematode infections on the weight gain [2-4]. This is supported by the fact that treatment with 
anthelminthics is associated with increased live weight gain [2-4]. In addition, bovine 
nematode infections have been associated with reduction of milk production, reproductive 
performance and carcass quality [4-6].  
Among the gastrointestinal nematodes of cattle, the abomasal nematode Ostertagia 
ostertagi is one of the most important parasites causing impaired production in the temperate 
regions. O. ostertagi infections result in anorexia, diarrhea and weight loss [7]. The decrease 
of the production performance caused by bovine ostertagiosis, particularly in young animals, 
is the consequence of the profound pathophysiological changes occurring at the abomasal 
level [8], the retarded development of protective immunity [9] and the increased susceptibility 
to secondary infections [10, 11]. In recent years, the anthelmintic resistance threat led to an 
intense interest in developing alternative control methods such as the immunological based 
strategy. Despite the intense efforts, the development of a protective vaccine remains 
unfruitful [12]. Therefore a better understanding of the host-parasite interaction is essential to 
develop a cost effective vaccine strategy. Thus the aim of the current work is to further 
unravel the immunobiology and the pathophysiology of bovine ostertagiosis with a particular 
emphasis on the changes occurring at the fundic mucosal level 
1.2 Life cycle of O. ostertagi 
Among the different trichostrongyles parasitizing the bovine abomasum, O.  ostertagi 
is the most prevalent abomasal nematode infecting grazing cattle. O. ostertagi has a direct life 
cycle consisting of two phases: the free-living phase on pasture and the parasitic phase in the 
abomasum. A schematic description of O. ostertagi life cycle is shown in Figure 1.1. 
Fertilized eggs laid by mature females are passed in the dung, where they develop into first 
stage larvae (L1). The L1 larvae grow and moult to second stage larvae (L2), which in turn 
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moult to become infective third stage larvae (L3). The L3s retain the cuticle from the second 
stage (L2) as a protective sheath and can survive for a long period. The parasitic phase of O. 
ostertagi commences when grazing cattle ingest L3 larvae. In the rumen, the L3 larvae lose 
their protective sheath under the effect of several host factors including low pH, digestive 
secretions and carbon dioxide. Once the sheath is lost, the infective larvae migrate to the 
abomasum where they penetrate the fundic glands. After a few days, L3 larvae develop 
successively into L4 and L5 larvae. The L5 larvae emerge from the gastric glands and 
continue their maturation on the mucosal surface, resulting in the development of a type I 
ostertagiosis. The normal pre-patent period is 18-21 days, however, under certain 
circumstances, ingested L3 larvae can stop their maturation as inhibited L4 larvae 
(hypobiosis) and this may last for as long as 6 months. Synchronous emergence of a large 
proportion of hypobiotic larvae results in clinical severe disease referred to as type II 
ostertagiosis.  
The abomasal parasitism is generally associated with several pathophysiological and 
immunological changes. Before discussing the main pertinent knowledge about the 
pathophysiology and immunology of abomasal nematode infections, a general overview on 
the anatomy and the physiology of the abomasum is given in the following section. 
             
Figure 1. 1. Life cycle of O. ostertagi 
!"# !$# !%#
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1.3. Anatomy and physiology of the abomasum 
The ruminant stomach is a sac like organ playing an important role in the initiation of 
the digestion. It consists of four major compartments, namely the rumen, the reticulum, the 
omasum and the abomasum (Figure 1.2). The reticulo-rumen chambers contain a big variety 
of microorganisms that are crucial for the digestion of plant cell walls and the production of 
volatile fatty acids, which are the main source of energy in ruminants. On the other hand, the 
omasum compartment, which is highly developed in cattle, is characterized by the presence of 
many folds involved in the absorption of nutrients and water. The abomasum, which is the 
most distal part of the four chambers, is considered as the functional homologue of the 
secretory stomach in monogastric species. It contributes largely in the initial digestion of 
proteins through the production of proteolytic enzymes and gastric acid. Apart from the 
digestive function, the extreme abomasal acidic environment also prevents the invasion of the 
gastrointestinal tract by the microorganisms present in the foods and in the ruminal juice. 
 
         
Figure 1.2. Anatomy of ruminant stomachs 
 
The abomasum is sub-devised into three distinct anatomical parts: (1) the cardiac 
region, which consists of a small circular area around the omaso-abomasal junction; (2) the 
fundic/corpic area, which is characterized by luminal folds covering the major part of the 
abomasal surface; (3) The pyloric area, which is the most distal part, is characterized by the 
presence of rugae. Histologically, like the rest of the gastrointestinal tract, the abomasal wall 
Rumen Reticulum 
Omasum 
Abomasum 
Fundus Pylorus 
Cardia 
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is organized in four concentric layers from the outside inward: the tunica serosa, the tunica 
muscularis, the tunica submucosa and the tunica mucosa (Figure 1.3). The tunica mucosa 
consists of three layers, namely: lamina muscularis, lamina propria and lamina epithelialis. 
The lamina propria contains a connective matrix supporting the gastric epithelium and the 
feeder blood vessels.    
   
                         
 
Figure 1.3. The histologic structure of the gastric wall (adapted from 
http://classes.midlandstech.com/carterp/Courses/bio211/chap23/Slide17.JPG) 
 
The gastric epithelium layer represents a relatively impermeable barrier made up of 
heterogeneous cell lineages. Cuboidal to columnar cells, known as surface mucous cells, line 
the lumen of the abomasum. This cellular layer presents several invaginations, called gastric 
pits or foveolae, serving as draining duct of adjacent glandular secretions to the lumen. 
Ultrastructurally, the apical cytoplasm of the surface mucous cells is packed with membrane-
bound granules containing the mucus. The number of mucus granules decreases markedly in 
the deeper part of the gastric pits, in comparison with those present in the luminal part [13, 
14]. Several reports showed that the surface mucous cells of monogastric species are 
characterized by the production of mucin 5AC (MUC5AC), which is considered as one of the 
major components of the luminal mucus layer [15-17]. The analysis of transcribed mucins in 
the bovine gastrointestinal tract revealed that MUC5AC is expressed in the abomasal mucosa 
[18], however the cellular source of MUC5AC production in the bovine abomasum remains 
Lamina epithelialis 
Lamina  propria 
Lamina muscularis  
Mucosa 
Muscularis 
Submucosa 
Serosa 
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unknown. In addition to the surface epithelial cells, the gastric epithelium is composed by 
several cell types, which are organized in structural units, embedded in the lamina propria 
and referred to as gastric glands. Two types of gastric glands are found in the abomasum 
according to their anatomical location.  
1.3.1 Pyloric glands  
The pyloric glands are organized in pits connected with coiled glands (Figure 1.4). 
Bovine pyloric glands are composed in their major part by mucous cells, which are mainly of 
columnar morphology [14]. Their nuclei are flattened and their apical cytoplasm is 
characterized by the presence of membrane bound granules showing variable sizes and 
densities [14]. Bovine pyloric epithelium contains also several endocrine cells, which are the 
least numerous type [14]. In general, endocrine cells are confined in the base of bovine 
pyloric glands and contain scattered granules throughout their cytoplasm [14]. 
Immunohistochemical studies conducted on sheep and cattle, have identified different 
endocrine cell types in the antrum including: (1) G cells, (2) D cells, (3) histamine-containing 
entrerochromaffin-like cells (ECL) and (4) serotonin-containing entrerochromaffin cells (EC) 
[19, 20]. The role of G cells and D cells will be discussed in the following sections. 
                        
Figure 1.4. Structure of the pyloric glands 
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1.3.1.1 G cells and Gastrin secretion 
The pyloric G cells play a pivotal role in several physiological processes including the 
mucosal cell homeostasis and the initiation of gastric acid secretion through the production of 
gastrin [21]. Gastrin originates from the successive cleavage and posttranslational 
modifications of progastrin, yielding in gastrin -17 and gastrin-34 [22]. Gastrin-17 is secreted 
at a much higher rate than gastrin-34, however, both are present in the same proportions in the 
serum because of the rapid metabolism of gastrin -17 [23]. 
 In monogastric species, gastrin secretion is divided into cephalic, gastric and intestinal 
phases and it occurs in response to neural, chemical and mechanical stimuli (Figure 1.5) 
During the cephalic phase of the digestion, gastrin secretion is triggered by the sight, the 
smell and the taste. The cephalic stimulation of gastrin secretion is mainly mediated by the 
vagus nerve, which acts either directly via the activation of G cells by gastrin releasing 
peptide (GRP) or indirectly through the reduction of somatostatin secretion by the cholinergic 
neurons [24]. This vagal pathway has been demonstrated in sheep and calves [25, 26]. The 
gastrin secretion is relatively unimportant during the cephalic phase in ruminants fed on 
pasture or ad libitum [27], however it is of greater significance during restricted feeding 
regimens [28, 29]. During the gastric phase of the digestion, the presence of the alimentary 
bolus in the stomach and the subsequent increase of the gastric wall distension lead to a 
progressive cholinergic stimulation resulting successively in decreased somatostatin release 
and elevated gastrin levels [30]. On the other hand, at low pressure, gastrin secretion is 
inhibited by the stimulation of somatostatin release via vasoactive intestinal peptide (VIP) 
neurons. The pH of gastric contents also plays an important role in the regulation of gastrin 
secretion. The alkalization of the luminal gastric contents, elicits a reduction of somatostatin 
level and thereby increases gastrin release [31]. Conversely, acidic pH reduces gastrin release 
via an increase of somatostatin, induced by calcitonin gene-related peptide (CGRP) [32, 33]. 
During the intestinal phase, the increase of gastrin release is controlled by the presence of the 
breakdown products of proteins in the stomach, which results in GRP release and cholinergic 
stimulation, leading both to the reduction of somatostatin release [34]. Previous in vitro 
studies have shown that in general, the control of gastrin secretion by cholinergic and 
peptidergic mediators are conserved in sheep [27, 35]. In contrast, it has been reported that 
somatostatin is not critical for the acid-mediated regulation of gastrin [36]. Furthermore, the 
study performed by Perry et al. on cows and sheep, suggested that dietary proteins are not 
involved in the regulation of gastrin secretion in ruminants [37].  
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Figure 1.5. Regulation of gastrin secretion.  A scheme showing the endocrine and 
neurocrine factors involved in the regulation of gastrin secretion. Unlike in monogastric 
species, the stimulation of gastrin release by the breakdown products of proteins is not active 
in ruminants. ACh: acetylcholine ; SS: somatostatin; GRP: gastrin-releasing peptide; CGRP: 
calcitonin gene-related peptide; VIP: Vasoactive Intestinal Peptide 
 
1.3.2 Fundic glands 
The fundic glands are organized in four major parts (A) the pit lined with surface 
mucous cells described above (B) the isthmus containing the progenitor stem cells, (C) the 
neck containing mainly mucous neck cells and parietal cells (D) the base where 3 major cell 
types are present, parietal cells, chief cells and endocrine cells (Figure. 1.6) 
                    
Figure 1.6. Structure of the fundic glands 
Vagus 
G cell 
GRP ACh 
SS 
D cell 
ACh VIP CGRP 
- Cephalic stimulation 
- Increase of the gastric wall      
distension 
- Digested proteins 
- Mild gastric wall distension  - Acidic pH of the gastric juice 
!
Surface mucous cell 
Stem cell 
Parietal cell 
Mucous neck cell 
Chief cell!
ECL cell 
D cell 
!
Pit 
Isthmus 
Neck 
Base 
Literature review 	  
	  10 
1.3.2.1 Gastric stem cells.  
Pioneering studies of Leblond and Karam on the kinetics of gastric cell populations 
led to the identification of a proliferating stem cell pool, which is restricted to the isthmus 
[38]. These multipotent stem cells give rise to three main cell precursors, pre-pit cells, pre-
neck cells and pre-parietal cells, which in turn differentiate into the different cell lineages that 
compose the fundic glands [38-42]. In mouse gastric mucosa, non-secretory granule-free cells 
have been characterized as the stem cells of the gastric epithelium, while in humans there was 
no phenotypic counterpart of these cells [43]. Karam et al showed that human fundic stem 
cells harbor apical secretory granules [43]. This situation seems to be similar in bovine 
abomasum as granule-free stem cells are not present in the bovine abomasal fundic glands 
[13]. 
1.3.2.2 Mucous neck cells 
The abomasal precursors of mucous neck cells, which arise from the isthmus, exhibit a 
transitional morphology. They migrate through the neck zone, where they become fully 
differentiated [44, 45]. In bovine abomasum, the mucous neck cells are often of columnar 
morphology and are generally located in clusters among parietal cells [14]. Their nuclei are 
flattened against the basal membrane and their apical pole is occupied by a considerable 
quantity of mucus granules, presenting a moderate electron density [14]. Previous studies 
have demonstrated that the mucous neck cells of monogastric species differ from surface 
mucous cells by their production of Mucin 6 (MUC6). Secretion of the mucous and alkaline 
fluids by gastric mucous cells prevents the gastric tissue from the harm of the acidic gastric 
juice.   
1.3.2.3 Chief cells and pepsinogen secretion 
By migrating further towards the bottom of the fundic glands, the mature mucous neck 
cells show a significant decrease in their mucous granules and a concomitant increase of the 
peptic granules, leading to the emergence of pre-zymogenic cells [44, 45]. In the depth of the 
glands, the pre-zemogenic cells complete their differentiation into zymogenic cells by 
expressing exclusively peptic secretory granules [44, 45]. The abomasal zymogenic cells (also 
called chief cells) are characterized by abundant stacks of rough and smooth endoplasmic 
reticulum [14]. Their apical cytoplasm is packed with round to ovoid peptic granules, while 
their paranuclear cytoplasm is highly basophilic [14]. Chief cells are the major source of 
several inactive zymogens such as pepsinogens. Immunohistochemical studies conducted on 
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the stomachs of monogastric species revealed that chief cells are strongly stained with an 
antibody against pepsinogen, whereas neck cells showed a faint staining [46, 47]. Expression 
of pepsinogens in the sheep abomasum revealed the same trend observed in monogastric 
species, while in bovine abomasum, pepsinogen is also produced by surface mucous cells 
[48]. Two different groups of Pepsinogens (PGC and PGA) are secreted in their inactive 
forms and auto-converted in the gastric lumen by hydrochloric acid into pepsin, which is the 
main enzyme contributing in the protein digestion [49].  
1.3.2.4 Enterochromaffin-like (ECL) cells and histamine secretion 
It is generally accepted that ECL cells play a pivotal role in the regulation of parietal 
cell function via the secretion of histamine. In mammals, ECL cells are of closed type (they 
do not communicate with the gastric lumen) and are generally present in the base of the 
fundic glands [50]. Their number varies greatly depending on the species [50]. 
Microscopically, abomasal ECL cells of sheep carry irregular granules of high density and 
wide clear spaces [51]. An acute stimulation of ECL cells results in increased levels of 
Histamine Decarboxylase (HDC) transcripts and HDC activity, which in turn leads to the 
conversion of histidine into histamine [52, 53]. In vivo and in vitro stimulation of ECL cells 
with gastrin induces a massive release of histamine within only few minutes [52, 54], 
however, carbachol stimulation leads to a rapid release of histamine in only 10% to 30% of 
cultured ECL cells [55]. 
1.3.2.5 Parietal cells  
1.3.2.5.1 Parietal cells and acid secretion 
Parietal cells, which are also known as oxyntic cells, are responsible for the gastric 
acid secretion. The abomasal parietal cells exhibit various developmental stages, depending 
on their location in the gastric glands. The immature pre-parietal cells, present in the isthmus 
and the upper part of the neck region, give rise to mature parietal cells by migrating toward 
the bottom and the upper part of the fundic glands [13]. Older degenerative oxyntic cells, 
present in the bottom of the fundic glands, exhibit involution of their secretory organelles 
[13]. In the pits, the differentiation of the pre-parietal cells is associated with incomplete 
development of secretory structures. Thus, these superficial cells have likely a reduced 
activity [13]. Morphologically, mature parietal cells are round or triangular in shape with 
centered nuclei and eosinophilic cytoplasm [14]. Ultrastructurally, parietal cells are 
characterized by the presence of intracellular canaliculi, which are specialized tortuous 
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luminal membranes [14]. The lumen of the canaliculi, which is lined by many irregularly-
orientated microvilli, is the anatomical site of acid secretion [14]. The other characteristic 
feature of parietal cells is the presence of cytoplasmic tubulovesicles, which cover the major 
part of the cytoplasmic surface under resting state. The membrane of the tubulovesicles is rich 
in hydrogen-potassium adenosine triphosphatase (H+/K+ ATPase), which consists in a 
catalytic α-subunit (ATP4A) and a highly glycosylated β-subunit (ATP4B) [56]. The H+/K+ 
ATPase serves as a pump for the proton extrusion during gastric acid secretion [57]. Upon 
secretagogues activation, parietal cells undergo deep morphological transformations, 
including the enlargement of the their canalicular space and a marked expansion of their 
apical surface, caused by the elongation of the microvilli and the recruitment of the 
tubulovesicles (Figure 1.7) [58, 59]. Consequently, a large proportion of the ion channels, 
which were trapped in the cytoplasmic compartment, translocate into the luminal pole of the 
parietal cells.  
 
 
 
Figure 1.7. Morphology of parietal cells before and after stimulation. (A) A resting 
parietal cell is characterized by the presence of tubulovesicles in the cytoplasm. (B) An active 
parietal cell is characterized by the formation of secretory canaliculi, which are open to the 
lumen of the gastric glands. L: luminal (Adapted from Aoyama and Sawaguchi, 2011; Berne 
and Levy, 2008) 
Resting parietal cell 
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As depicted in Figure 1.8, proton extrusion, Cl- secretion and K+ exchange via various 
ion channels/transporters, are necessary for an optimal secretion of HCl into the gastric lumen 
[60]. When parietal cells are stimulated, apical passive flux of Cl- and K+ from the cytoplasm 
to the lumen occurs concomitantly with an active H+/ K+ exchange at the expense of 1 
ATP via the H+/K+ ATPase. Strong evidence supports that the voltage-gated K+ channel 
(KCNQ1) and the inwardly rectifying K channels (Kir2.1 and Kir4.1) are responsible for the 
K+ flux [61-63], while several potential candidates have been proposed to explain the chloride 
secretion [64-66]. The excreted protons are generated by the cytoplasmic carbonic anhydrase, 
which catalyses the transformation of water and carbon dioxide into hydrogen ions (H+) and 
hydrogen carbonate (HCO3-). It has been shown that water traffic into parietal cells is 
guaranteed by the transmembrane channel aquaporine 4 (AQP4) [67]. In addition, basolateral 
ion traffic takes place to compensate the secreted ions and to maintain the cytoplasmic 
osmolarity. The entry of K+ and CL- is mediated by CL-/HCO3- exchanger, sodium-hydrogen 
exchanger (NHE) and sodium-potassium adenosine triphosphatase (Na+/K+ -ATPase) [60]. 
             
 
Figure 1.8. Ions traffic during gastric acid secretion. At the apical pole of an activated 
parietal cell, K+ ions are pumped inward by the H+/K+ ATPase and recycled via a K+ channel, 
while Cl- is secreted through a Cl- channel. At the basolateral level, the ions traffic maintains 
the neutral pH and the electroneutrality of the cytosol. NHE: sodium-hydrogen exchanger; 
N+/K+ATPase: sodium-potassium adenosine triphosphatase; H+/K+ ATPase: hydrogen-
potassium adenosine triphosphatase, AQP4: Aquaporin 4. (Adapted from Kopic et al., 2010) 
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1.3.2.5.2 Parietal cell physiology 
Gastric acid secretion is initiated by paracrine, endocrine and neural stimuli [68] (Figure 1.9).  
 
                             
Figure 1.9. A scheme illustrating the neural, and hormonal regulation of gastric acid 
secretion. The main stimulants of gastric acid secretion are histamine, gastrin, and 
acetylcholine. Gastrin released from G cells in the pyloric mucosa, stimulates the parietal 
cells mainly indirectly via the activation of ECL cells, coupled to histamine release. Gastrin 
can also act directly at the parietal cell level. Acetylcholine, released from postganglionic 
neurons, stimulates the parietal cells either directly or indirectly through the activation of 
histamine release by ECL cells and the inhibition of somatostatin secretion by D cells. 
Somatostatin can inhibit parietal cell function by blocking the histamine release and in a 
lesser extent by interacting with the somatostatin receptor at parietal cell level. Ach: 
acetylcholine, SS: somatostatin, GRP: gastrin-releasing peptide, CGRP: calcitonin gene-
related peptide, VIP: Vasoactive Intestinal Peptide 
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Previous studies conducted on monogastric species revealed that the activation of parietal 
cells can be triggered by three types of basolateral receptors: histamine receptor (HRH2), 
acetylcholine M3 receptor (M3R) and gastrin receptor (CCKBR) [68]. Although gastrin can 
directly activate parietal cells, it is generally accepted that it acts mainly through an effective 
stimulation of histamine release by ECL cells. Histaminergic stimulation seems to be the most 
potent activation signal for parietal cells among a lot of species, however canine parietal cells 
represent an exception as they tend to be more responsive to carbachol stimulation [68]. In 
ruminants, little is known about the physiology of abomasal acid secretion. Previous data 
suggested that the regulation of parietal cell activity is conserved in ruminants compared to 
monogastric species. This is supported by the fact that the administration of histamine and 
carbachol leads to a significant decrease in the pH of sheep abomasum [69]. Furthermore, the 
administration of histamine and carbachol antagonists causes a significant inhibition of 
abomasal acid secretion production [69, 70]. 
1.3.2.5.3 Signal transduction in activated parietal cells 
An overview of the main signaling pathways involved in the regulation of parietal cell 
function is shown in Figure 1.10. The activation of Adenylyl Cyclase by Gs-Coupled 
Receptors following histamine stimulation, results in the production of cyclic adenosine 3,5-
monophosphate (cAMP) [71]. The elevation of cytosolic cAMP concentration leads to the 
activation of the protein Kinases A (PKAs), which in turn phosphorylate different 
downstream effectors [72]. This signaling cascade elicits marked morphological changes in 
parietal cells, caused mainly by cytoskeleton and membrane remodeling. By tracing protein 
phosphorylations, several PKA effectors have been characterized as key factors in the 
activation of parietal cells. Early studies have identified Ezrin as a PKA relaying signal and 
acting as a linker between the cytoskeleton and the apical secretory canaliculi [73, 74]. In 
addition, it has been postulated that Parchorin is involved in Cl- secretion [75], whereas LIM 
and SH3 domain-containing protein (Lasp-1) may function as an adaptor for the down stream 
signaling molecules [76].  
The stimulation of M3 and CCKB G coupled receptors results in the activation of 
phospholipase (PLC), which subsequently leads to the production of diacylglycerol (DAG) 
and inositol 1,4,5-triphosphate (IP3) [68]. The increased concentration of the cytosolic IP3 
after cholinergic stimulation, elicits an initial increase of Ca2+ concentration, caused by a 
transient release from the intracellular stores, followed by a plateau phase supported by a 
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calcium influx [77, 78]. Interestingly, it has also been shown that the histaminergic activation 
of parietal cells leads to increased levels of intracellular Ca2+ in rabbit [78] but not in canine 
parietal cells [79]. The calcium plays an important role in the regulation of the machinery 
governing the translocation/docking/fusion of the tubulovesicles [80]. In addition to 
IP3/calcium signaling, the increased level of DAG induces the activation of the protein kinase 
C (PKC) in cholinergic-stimulated parietal cells. The role of PKC following cholinergic 
stimulation remains controversial [81-83].  
 
                      
 
Figure 1.10. Signal transduction in stimulated parietal cells. The activation of parietal 
cells is mediated by histamine, gastrin and the neurotransmitter acetylcholine (Ach). Parietal 
cell stimulation via the histamine receptor (HRH2) results in the activation of the stimulatory 
G protein (Gs), the elevation of the cytosolic level of cyclic adenosine 3,5-monophosphate 
(cAMP) and the activation of cAMP-dependent kinases. Acetylcholine and gastrin binding on 
their receptors results in the activation of phospholipase (PLC), the production of 
diacylglycerol (DAG) and inositol 1,4,5-triphosphate (IP3), which in turn activate the protein 
kinase C and calcium signaling. The antagonist factors (transforming growth alfa (TGFα), 
epidermal growth factor (EGF), somatostatin and prostaglandin E2 operate through the 
activation of the inhibitory G protein (Gi). PIP2: Phosphatidylinositol 4,5-bisphosphate, 
CCKBR: cholecystokinin B receptor, M3R: muscarinic M3 receptor, EP2: prostaglandin E 
receptor 2. (Adapted from Berne and Levy, 2008) 
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In parallel to Calcium/PKC induction, the stimulation of M3 receptor also activates a large 
panel of additional Kinases such as nuclear factor kappa B inhibitor (NFκBI), mitogen-
activated protein kinases (MAPKs), extracellular signal-regulated protein kinases (ERKs) and 
c-Jun NH2-terminal protein kinases (JNKs), however their role in parietal cell function 
remains to be defined [84-87]. 
1.3.2.5.4 Inhibition of gastric acid secretion. 
Previous studies revealed that the inhibition of gastric acid secretion is mediated by 
several endocrine, inflammatory and growth factors. Somatostatin is likely the most important 
paracrine inhibitor of parietal cell activity during the physiologic process of digestion. Most 
of the inhibitory effect of somatostatin is associated with the inhibition of histamine release 
by ECL cells, however, somatostatin can also act directly to some extent on parietal cells 
(Figure 1.9). The inhibitory effect of somatostain on parietal cells is mediated by the 
activation the Gi inhibitory protein, which in turn inhibits the adenylate cyclase activity and 
subsequently reduces the generation of cytosolic cAMP [88, 89]. Interestingly, somatostatin 
has also been shown to reduce the acid output in cAMP, carbachol and gastrin stimulated 
canine parietal cells [88] but not in cAMP and carbachol stimulated rabbit parietal cells [90]. 
Epidermal growth factor (EGF) and its homologue transforming growth factor alfa (TGFα) 
are also considered as potent inhibitors of gastric acid secretion [68]. TGFα seems to act in an 
autocrine loop, as it is expressed by parietal cells [91, 92]. Although chronic treatment of 
cultured parietal cells with EGF enhanced acid production [93], it has been shown that EGF 
inhibits histamine-stimulated parietal cells through the activation of Gi protein [93, 94]. EGF 
also inhibits parietal cell function following cholinergic stimulation by activating PKC [93]. 
Gastric inflammation is also associated with a substantial inhibition of gastric acid 
secretion. This effect has been attributed to several inflammatory factors such as Interleukin 1 
beta (IL-1β), tumor necrosis factor alpha (TNFα). IL-1β and TNFα are both effective 
inhibitors of histamine and carbachol-stimulated parietal cells [95, 96]. Their effect is 
mediated by the activation of Gi protein and the modulation of protein kinases activity [96]. 
Prostaglandin E2, which is generated from the arachidonic acid by the sequential actions of 
prostaglandin G/H synthases and prostaglandin E synthase [97], is also considered as a potent 
inhibitor of parietal cell function [98]. Prostaglandin G/H synthases, also known as 
cyclooxygenase (COXs), exist as two different isoforms referred to as COX-1 and COX-2 
[99]. COX-1 is a constitutive enzyme, found in most mammalian cells, while COX-2 is 
induced during the inflammatory responses [97]. PGE2 acts via Gi protein to inhibit acid 
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secretion in histamine-activated parietal cells, whereas PGE2 does not impair the acid 
secretion in carbachol-stimulated cells [98]. 
1.4 Gastric cell homeostasis 
Due to the permanent harm caused by injurious agents, the fundic mucosa undergoes 
continuous renewal governed by cell proliferation, migration and differentiation. The 
multipotent stem cells fuel this process by balancing their self-renewal and the replacement of 
degenerative cells. Thus an imbalance between cell differentiation and cell proliferation 
triggers drastic changes at the mucosal level including foveolar hyperplasia and parietal cell 
atrophy. The homeostasis of these events, which is essential for the maintenance of an optimal 
mucosal function and integrity, is driven by several signaling pathways [100, 101].  
1.4.1 Sonic hedgehog (SHH) 
Multiple lines of evidence suggested the importance of sonic hedgehog (SHH) 
signaling as a morphogenesis regulator of the gastric mucosa. It has been demonstrated that 
SHH expression is correlated with gastric cell differentiation [102, 103]. The inactivation of 
the SHH gene in the gastric mucosa leads to a marked reduction of mucous neck cell and 
chief cell lineages [104] in combination with increased cell proliferation [104, 105]. These 
changes can be reversed by somatostatin analog treatment, suggesting that SHH activity is 
mediated by the activation of D cells [104]. SHH produced by gastric parietal cells [102, 103], 
regulates H+/K+ ATPase and bone morphogenetic protein 4 (BMP4), expressed respectively 
by parietal cells and mesenchymal cells [103]. The expression of SHH is upregulated by 
gastrin, histamine and EGF [106, 107], while it is downregulated by IL-1β and TNFα [108]. 
1.4.2 Wingless proteins (WNT) 
Transcriptomic analysis performed on micro-dissected gastric stem cells, suggested 
that WNT signaling is likely an important pathway in the homeostasis of the gastric mucosa 
[109]. This is in line with data demonstrating that an overexpression of WNT ligand in the 
gastric mucosa results in a marked cell dedifferentiation and foveolar hyperplasia [110-112]. 
The cellular hyperplasia was further enhanced when mice overexpressed both WNT and 
PGE2 [112]. In an earlier study, Kim et al. showed that the transcription factor BarH-like 
homeobox 1 (Barx1) regulates gastric cell specification by inhibiting WNT signaling in mice 
embryos [113]. The authors have also demonstrated that the inactivation of Barx-1 in 
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knockout mice results in the failure of the corpus development, whereas, the inhibition 
restored the corpus morphogenesis in parallel with the expression of the corpic markers [113]. 
Intriguingly, He et al. showed that hedgehog signaling counteracts the activity mediated by 
WNT [114]. 
1.4.3 NOTCH 
Although the role of NOTCH in the intestinal homeostasis has been extensively 
studied, relatively few data are available on its implication in the stomach. It has been shown 
that the hairy and enhancer of split-1 transcription factor (HES1), the main target gene of the 
NOTCH signaling pathway, was expressed in the isthmus of the gastric glands [115]. The 
overexpression of NOTCH in transgenic mice induces a gastric epithelial cell hyperplasia, 
whereas inhibition of NOTCH leads to a reduction in cell proliferation within the isthmus of 
the gastric glands [115]. Intriguingly, parietal cells overexpressing NOTCH bear a 
dedifferentiating phenotype [115]. In addition, the study of Sekine et al. revealed that 
increased expression of Hath1, which is antagonized by HES1, is associated with the 
upregulation of MUC5AC and MUC 6 in gastric mucous cells [116]. Moreover, NOTCH 
signaling has also been correlated with the inhibition of gastric endocrine cells, since their 
number was increased in HES1 knockout mice [117]. 
1.4.4 Bone morphogenetic proteins BMP 
BMP signalling has emerged as a key regulator of stem cell homeostasis, tissue 
remodeling and regeneration [118, 119]. Mice lacking the bmp receptor BMPr1a display 
reduced parietal cell numbers and increased endocrine cell numbers, suggesting a differential 
impact of BMPs on gastric cell differentiation [120]. When BMP activity is antagonized in 
the gastric mucosa, parietal cell numbers were markedly reduced, while the number of trefoil 
factor 2 (TFF2)-expressing cells was significantly higher [121]. These changes occurred 
concomitantly with the increased levels of gastrin, amphiregulin and TGFα and reduced 
gastric acid output [121]. In agreement with these findings, BMP induces also the 
upregulation of H+/K+ ATPase in cultured parietal cells [122]. In addition, Helicobacter 
pylori infection is associated with increased level of BMPs due to inflammatory cells 
infiltration, accompanied by increased BMPs signaling in gastric epithelial cells [123]. 
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1.5 Pathophysiology of abomasal parasitism. 
The pathophysiology of abomasal parasitism has been the subject of intense 
investigations during the last decades [8, 124, 125]. Several studies have shown that abomasal 
nematode infections share the ability to induce a hyperplastic gastropathy, accompanied with 
reduced acid secretion, hypergastrinemia and hyperpepsinogenemia [8, 124, 125]. The main 
changes affecting the abomasal secretory functions are associated with the emergence of the 
parasites from the fundic glands [124]. 
Experimental studies of abomasal parasitism, established that ovine and bovine abomasal 
nematode infections share common histopathologic features [69, 126-129]. Macroscopically, 
the abomasal mucosa is characterized by the presence of focal lesions consisting of white 
nodules and corresponding to the infected glands during the early stage of parasitic infections 
(Figure 1.9) [69, 126-129]. These nodules, generally umbilicated in the center, are 
homogeneously widespread throughout the fundic and the corpic mucosa.  
   
 
Figure 1.11. Macroscopic and microscopic appearance of the abomasal mucosa of 
infected calves with O. ostertagi. Right panel: a picture showing the presence of white 
nodules on the fundic mucosa of an infected calf with O. ostertagi. The nodules correspond to 
the penetration sites of the gastric glands by the infective larvae. Left panel: A hematoxylin 
eosin staining of the fundic mucosa showing the presence of swollen gastric glands 
(arrowhead), which contain O. ostertagi larvae (Asterisk). (Scale bar = 100 µm) 
 
Microscopically, the invaded glands are focally dilated (Figure 1.11) and lined by 
undifferentiated cells, while the adjacent glands are often hyperplastic with fewer mature 
parietal and chief cells [69, 126-129]. After the emergence of the parasite from the fundic 
glands, the mucous cell hyperplasia spreads throughout the fundic epithelium, leading to the 
thickening of the abomasal mucosa [69, 126-129]. The mucous cell hyperplasia is associated 
with increased production of acidic mucins [128, 130, 131] as well as a significant 
!
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upregulation of MUC6, and trefoil factor 3 (TFF3) [131-133], suggesting the development of 
an intestinal metaplasia. The abomasal epithelium, formed by the new hyperplasic cells, bears 
dilated intercellular spaces caused by the impairment of zonula occludens junctions [126, 
130]. Apart from the hyperplastic changes, the emergence of adult worms causes also a 
massive infiltration of the lamina propria by inflammatory cells as well as a widespread loss 
of parietal cells and chief cells in non-nodular areas (Figure 1.9) [69, 126, 128]. Interestingly, 
the cellular changes observed during experimental infection have been recorded as early as 
one day after the transfer of adult Teladorsagia circumcincta into the abomasum of sheep, in 
which the number of parietal cells was nearly halved after 8 days [128]. However, larval 
challenge does not alter parietal cell numbers and mucosal cell proliferation before 13 days of 
infection [129]. The remaining parietal cells in the abomasum of parasitized animals bear a 
necrotic phenotype as suggested by the presence of degenerative vacuoles and dilated 
canaliculi [126, 128]. A similar necrotic phenotype of parietal cell has been reported after 
chronic inhibition of gastric acid secretion with omeprazole [134, 135]. The epithelial cell 
vacuolation is probably induced by parasite excretory/secretory products (ESPs), as they elicit 
the same effect in cultured epithelial cells [136, 137]. Several morphological studies have 
revealed that a large number of the remaining parietal cells were in resting state following 
abomasal nematode infections as suggested by the high proportion of cytosolic tubulovesicles 
[126, 130, 138].  
As a consequence of the cellular changes discussed above, the abomasal nematode 
infections result in disrupted secretory activity of the abomasum. The main secretions affected 
by abomasal parasitism are pepsinogen, gastrin and gastric acid. Usually, the serum 
pepsinogen increase takes place prior to the abomasal achlorhydria and serum gastrin 
elevation [29, 139-141]. The increase of pepsinogen levels can be observed after 2 weeks of a 
single infection with O. ostertagi [142], while the abomasal pH and the serum gastrin 
concentration become elevated simultaneously after 3 weeks of a single infection [142, 143] 
(Figure 1.12). 
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Figure 1.12.	  The kinetics of abomasal pH, serum gastrin and pepsinogen levels in calves 
infected with a single dose of O. ostertagi. Black line: abomasal pH. Red line: concentration 
of total gastrin in the blood (pg/ml). Blue line: concentration of pepsinogen in the blood  
(micromoles of tyrosine/minute/liter). (Based on Stringfellow and Madden, 1979; Purewal et 
al., 1997). 
 
1.5.1 Hyperpepsinogenemia 
Diverse aetiologies have been proposed in order to explain the increased serum levels 
of pepsinogen following abomasal nematode infections [8, 124]. Initially, increased epithelial 
permeability, caused by the impairment of intercellular junctions [126, 130], was thought to 
facilitate the leakage of pepsinogen [48]. However, more recent work of Scott et al. showed 
that the pepsinogen increase occurs several days before the impairment of the mucosal barrier 
[128]. In addition, the hyperpepsinogenemia was also attributed to increased abomasal pH and 
increased secretion of pepsinogen causing the accumulation of non-activated pepsinogen [48, 
141, 144-146]. Fox et al. suggested that the increased levels of gastrin are likely causing the 
hyperpepsinogenemia during bovine ostertagiosis. This statement is supported by the fact that 
increased levels of gastrin in omeprazole treated calves is accompanied with raised serum 
pepsinogen concentrations [146]. In contrast, studies conducted on sheep treated with 
omeprazole revealed that the increased levels of serum gastrin are not paralleled by any 
changes in blood pepsinogen concentration [129]. Moreover, the hyperpepsinogenemia can 
also be observed in infected sheep, in the absence of hypergastrinemia [147]. Apart from the 
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host factors, excretory secretory products of the abomasal parasites are likely to be involved 
in the induction of the hyperpepsinogenemia during abomasal nematode infections. Previous 
studies have shown that the ESPs produced by O. ostertagi and T. circumcincta promote 
pepsinogen release from the gastric glands [148].  
1.5.2 Hypergastrinemia 
The cause and the implication of the hypergastrinemia during abomasal nematode 
infection have been widely investigated because of the pivotal role of gastrin in gastric 
physiology and pathobiology of several gastrointestinal diseases. The hypergastrinemia is a 
direct consequence of gastrin upregulation and somatostatin reduction, rather than G cell 
hyperplasia [143, 149, 150]. Despite the increased production of gastrin after abomasal 
nematode infections [143], the antral tissues contain less gastrin when compared to naïve 
animals, probably because of the high rate of gastrin release in infected abomasum [143, 149, 
150]. Although the ratio of the two major bioactive forms of antral gastrin is not impacted by 
the infection, the blood concentrations of G34 are greater in parasitized animals [143, 150]. 
This can be caused by an exaggerated secretion of unprocessed G34 or by the saturation of the 
clearance machinery [124].  
As the gastric pH is considered as an important regulator of gastrin release, the 
hypergastrinemia observed during abomasal nematode infections, has been associated with 
the removal of acid feed back [29, 146, 149, 151]. However, the impairment of abomasal acid 
secretion cannot explain alone the hypergastrinemia, since an infection with larval and adult 
worms of T. circumcincta leads to an increase of gastrin levels, prior to any changes of gastric 
pH [152]. Mckellar et al. suggested that the increased gastrin release is probably a 
consequence of a direct stimulation of G cells by parasite ESPs [7], however this hypothesis is 
contrasted by two in vitro studies, which revealed that worm ESPs do not impact the gastrin 
secretion in pyloric glands [153, 154]. The inflammatory factors are attractive candidates, 
which can be associated with the increased gastrin levels [29]. Indeed, previous reports 
revealed that TNFα and IL-1β could stimulate gastrin secretion in antral G cells. Intriguingly, 
Lawton et al. have demonstrated that serum gastrin levels dropped significantly when the 
abomasal pH was higher than 5.5 [29]. The authors suggested that this effect is probably 
mediated by an undetermined inhibitory factor produced by abomasal microbes [29]. This 
affirmation was confirmed later on by Simcock et al. [155, 156]. 
The hypergastrinemia was proposed as an important factor in promoting the anorexia 
in infected calves [157]. In agreement with these observations, Dynes et al showed that feed 
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intake was improved in parasitized lambs by giving a gastrin antagonist [158]. On the other 
hand, infection of sheep with a T. circumcincta strain, characterized by antral tropism, 
resulted in decreased feed intake while serum gastrin concentrations remained at normal 
levels [147]. 
1.5.3 Abomasal achlorhydria. 
Several authors have constantly reported the impairment of abomasal acid secretion 
during abomasal nematode infections. Experimental studies have shown that the elevation of 
gastric pH coincided with the migration of infective larvae from their confinement within the 
abomasal mucosa to the gastric lumen, corresponding to 17 to 20 days after O. ostertagi 
infection [126, 141], 8 day after T. circumcincta infection [29, 128, 129] and 2 to 4 days after 
Haemonchus contortus infection [159, 160]. The impairment of acid secretion has also been 
described during type I and type II bovine ostertagiosis, contracted on pasture [161]. Gastric 
pH remains elevated during several days and drops to almost normal levels when the worm 
burden decreases [126] or when the worms are drenched by anthelminthic treatment. The 
reduction of the gastric acid output was associated with the replacement of functional parietal 
cells with an undifferentiated cell population [126]. Further studies conducted by Scott et al. 
on sheep, revealed that a rapid raise of abomasal pH occurs only after one day of adult T. 
circumcincta transplantation, concomitantly with the decrease of parietal cell numbers [129].  
The assumption that parietal cell loss can exclusively explain the abomasal 
achlorhydria is challenged by several observations, which argue against it. Firstly, the rapid 
increase of abomasal pH following T. circumcincta infection (5 days) was uncoupled with 
parietal cells loss, which occurred around 10 days postinfection [129]. Secondly, the 
abomasal pH returns to normal level after only few hours of anthelmintic drenching, which is 
too short to repopulate the fundic mucosa with an optimal number of functional parietal cells 
[127, 130]. Thirdly, sheep infected with O. leptospicularis during 19 days and treated with 
histamine were able to acidify their ingesta, suggesting the existence of functional parietal 
cells in the parasitized abomasum [69]. Therefore, it is likely that other factors than parietal 
cell loss are implicated in the increase of abomasal pH, at least in the initial step following the 
emergence of adult worms (Figure 1.13). The worm’s ESPs have been suggested to play an 
important role in the impairment of parietal cell function during abomasal nematode 
infections [126, 129, 152, 162, 163]. The effect of ESPs on abomasal acid secretion was 
evidenced by the study of Eiler et al., in which increased gastric pH values were observed in 
rats injected with O. ostertagi extract [164].  
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Figure 1.13. The hypothetical mechanisms underlying the abomasal achlorhydria during 
an O. ostertagi infection 
 
 
Further evidence was provided by the study of Simpson et al., who have demonstrated that the 
abomasal transplantation of adult T. circumcincta worms, which were confined in porous 
bags, resulted in a rapid increase of gastric pH [165]. Hertzberg et al. suggested that this 
effect is mediated by the inhibition of histamine release in ECL cells [166], while Merkelbach 
et al.have demonstrated that the ammonia present in the ESPs of H. contortus could directly 
block acid secretion in dispersed rabbit glands [167]. In contrast, Mckellar et al. failed to 
show any impact of O. ostertagi ESPs on the basal levels of acid secretion in dispersed bovine 
gastric glands [168]. Alternatively, Simpson suggested that the inhibition of parietal cell 
function by worm’s ESPs could results from the induction of inflammatory factors release 
[124]. Indeed, previous studies have revealed that IL-1β, TNFα and PGE2 are able to block 
acid secretion by acting directly at parietal cell level [95, 96]. Furthermore, it has been 
reported that infected sheep with T. circumcincta have almost normal abomasal pH after 
immunosuppression with dexamethasone [125]. 
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1.6. Immune response 
As depicted in the previous sections, the pathophysiological changes occurring after 
an O. ostertagi infection are at least partly caused by the immune response mounted by the 
host against the parasite. Regarding the immune response, O. ostertagi infections represent an 
exception when compared to other trichostrongyle infections in cattle, as the immunity to O. 
ostertagi tends to develop very slowly, resulting in the persistence of the infection for a long 
period of time [9, 169, 170]. The establishment of a protective immunity against 
gastrointestinal nematodes is mainly associated with decreased egg output, reduction of worm 
growth, reduction of worm counts, and finally the resistance to the establishment of new 
infective cycles [170, 171]. Despite the progress made in our understanding of the immune 
response against bovine ostertagiosis, the effector mechanisms behind the establishment of a 
protective immunity remain poorly understood. The aim of the following sections is to give a 
general overview on the advances, made over the last decades in the area of the host immune 
response against gastrointestinal nematodes in rodent models as well as in ruminants. 
1.6.1. Mechanism of innate recognition of invading nematodes 
The innate immune system represents the first line of the host defence against 
invading pathogens. The initiation of the innate immune response is driven by a variety of 
pattern recognition receptors (PRRs), which are responsible for sensing evolutionary 
conserved motifs, expressed by pathogens and known as pathogen-associated molecular 
patterns (PAMPs) [172]. The PRR family is composed of several members including: Toll-
like receptors (TLRs), C-type lectin receptors (CLRs), Retinoic acid-inducible gene (RIG)-I-
like receptors (RLGs) and nucleotide oligomerization domain like receptors (NLRs). Upon 
PAMPs engagement, the PRRs transduce the signal in the innate immune cells leading to the 
expression of a large panel of chemokines, cytokines, inflammatory factors as well as 
antimicrobial molecules [172]. To date, there is no evidence for the existence of specific 
helminth PAMPs, however several helminth-derived molecules have been shown to activate 
TLRs and CLRs in dendritic cells (DC) and macrophages [173]. Classically, DC recognition 
of a microbe signature triggers an increased expression of co-stimulatory molecules, MHC 
class II and pro-inflammatory factors as well as the priming of a Th1 response [174]. 
Nonetheless, helminth-matured DCs bear a less mature status characterized by promoting a 
strong antigen-induced proliferation of T cells and a polarized Th2 response [175].  
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In addition to dendritic cells and macrophages, epithelial cells play also a crucial role 
as sentinels, sensing the presence of harmful pathogens. In vitro studies have revealed that 
intestinal epithelial cells are activated upon incubation with ESPs of Trichuris muris [176]. 
Furthermore several studies have shown that the activation of epithelial cells by intestinal 
dwelling worms triggers the upregulation of the epithelial-derived cytokines: thymic stomal 
lymphopoietin (TSLP), IL-25 and IL-33, which promote the polarization of a Th2 cell subset. 
The role of these cytokines in priming an optimal immune response against intestinal 
nematodes will be discussed in the following section. 
1.6.2. Adaptive Immune response. 
Despite the prolonged susceptibility to O. ostertagi infection, infected calves are able 
to mount an early adaptive immune response within few days of infection. This is attested by 
the increased size of local lymph nodes, which occurred at 3 days and peaked at 3 weeks after 
a primary infection with a single challenge [177]. This increase was attributed partly to the 
increased number of parasite-specific lymphocytes in the lymph nodes [177, 178]. Similar 
increase of lymphocyte numbers in the abomasal mucosa was observed following only few 
days of natural or experimental infections of naïve calves[179, 180]. Further examination 
revealed that the primary infection of naïve calves with a single dose of O. ostertagi is 
associated with increased percentages of B cells and γδ-T cells, as well as a decreased 
percentage of CD4+ T cells in both lymph nodes and abomasal mucosa [179, 180]. The role 
of lymphocytes in the immune protection against abomasal nematodes has been shown in 
sheep. The transfer of lymphocytes from animals, immunized against the abomasal nematodes 
H. contortus and T. circumcincta to their twin naïve recipients, resulted in reduced 
susceptibility to homologous infections [181, 182]. Subsequent studies revealed that T cell 
helper subsets play an important role in the protective immune response against abomasal 
nematode infections as an in vivo depletion of CD4+ T cells abolished immunity against H. 
contortus [183-185]. Depending on the cytokine environment, CD4+ T cells can differentiate 
in different T helper cell subsets, which can be segregated based on their cytokines production 
(Figure 1.14). Initially, two majors T helper cells were characterized as Th1 and Th2 cell 
subsets, followed by the identification of new subsets referred to as Th17, Treg and Th9 
[186]. Th1 cells secrete interferon gamma (INFγ), interleukin 18 (IL-18) and Lymphotoxin 
alfa (LTα) while Th2 cells secrete IL-4, IL-5, IL-10 and IL-13 [186].  
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Figure 1.14. Effector and regulatory Th cell differentiation. A specific combination of 
cytokine signals leads to the differentiation of naïve T cells into different T helper (Th) cell 
subsets, through the activation of specific transcription factors (Showed in the nuclei of Th 
cells). Each differentiated Th cell subset produces lineage-specific effector cytokines. 
 
 
Interestingly, recent research has identified distinct lymphoid cell subsets, which are 
characterized by patterns of cytokine production that mirror the cytokine-secreting profiles of 
T helper cell subsets [187, 188]. However, these cell lineages referred to as innate lymphoid 
cells, do not express T cell receptors and thus do not respond in an antigen-specific manner 
[189]. It is now clear that innate lymphoid cells are important effectors of the immune 
response against nematode infections [190]. Spits et al. have proposed a classification of the 
innate lymphoid cells based on their pattern of cytokine production and the transcription 
factors controlling their differentiation [188]. They categorized the innate lymphoid cells into 
three distinct groups. The innate lymphoid cells belonging to the first group, which includes 
the natural killer cells, are defined by their capacity to produce INFγ and IL-18 under the 
control of the transcription factor T-bet (also known as TBX-21). The innate lymphoid cells 
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of the second group require the transcription factor GATA-3 for their development and 
produce IL-4, IL-5 and IL-13 upon the stimulation with IL-25, IL-33 and TSLP. The function 
and the differentiation of the innate lymphoid cells, belonging to the third group, are under the 
control of RORC. These cells are also characterized by the production of IL-17 and/or IL-22. 
It is worth noting that the innate lymphoid cells are not yet characterized in ruminants.  
It has been reported that primary infections with O. ostertagi, administered either as a 
single challenge or as a trickle infection, results in a mixed Th1/ Th2 response as attested by 
the upregulation of INFγ, IL-4, IL-5, IL-12, IL-10 and IL-13 [191-193]. Canals et al. showed 
that the expression of IL-4 and INFγ by lymphocytes, isolated from abomasal lymph nodes of 
naïve calves, was increased at 11 days after a single O. ostertagi infection and remained 
elevated until 28 DPI [191]. Almeria et al. have also found that IL-4 and INFγ were 
significantly upregulated in the abomasal lymphocytes after 10 and 60 days of a primary 
infection with O. ostertagi, while IL-10 expression was not impacted until 60 days of 
infection [192]. It has been suggested that the resistance against gastrointestinal nematode 
infections in ruminants is mediated by a Th2 response, while susceptibility is inherent with 
the priming of a Th1 response [194-196]. Recently, Hassan et al. have demonstrated that 
protective immunity against T. circumcincta in lambs occurs concomitantly with a shift from 
Th1 to Th2 type response [197]. This observation is in accordance with the model proposed 
by Van Ginderachter et al., where an initial massive exposure of the innate immune cells to 
parasite-associated molecules leads to the activation and the production of inflammatory 
factors. This episode is followed by the priming of a Th1 response, in which INFγ promote 
the activation of myeloid-derived suppressor cells leading to a switch of T-cell immunity 
toward a Th2 response [198]. The existence of bovine myeloid suppressors, causing a shift 
from Th1 toward a Th2 pattern during an O. ostertagi remains to be defined.  
Alternatively, several reports revealed that the priming of a Th2 response during 
nematode infections is driven by the epithelial-derived cytokines TSLP, IL-25 and IL-33 
[173, 199, 200]. Zaph et al showed that an impaired NF-κB signalling in intestinal epithelial 
cells results in reduced expression of TSLP and failure of Th2 polarization following T. muris 
infection [201]. Furthermore, the inactivation of TSLP signalling leads to a defective Th2 
response and the development of Th1/Th17 inflammatory responses during T. muris infection 
[202]. In parallel, IL-25 and IL-33 were also found to be important factors in the induction of 
a protective Th2 response against intestinal nematodes in mice models [203, 204]. 
Interestingly, a recent in vitro study revealed that the motion of Trichostrongylus 
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colubriformis on intestinal cells triggers cellular necrosis and release of IL-33, which might 
be an important step in the induction of a protective immune response in sheep [205].  
The Th2 responses elicited by nematode infections are often paralleled with the 
development of alternatively activated macrophages [206, 207], which exhibit specific 
characteristics such as arginase 1 (ARG1) expression [208]. This distinct state, defined by the 
exposure of macrophages to IL-4 or IL-13, is contrasted by the effect of IFN-γ, which leads to 
the development of classically-activated macrophages [209]. The expression of ARG1 by 
alternatively activated macrophages results in a shift of arginine metabolism from the nitric 
oxide (NO) synthesis via inducible NO synthase (iNOS) toward production of ornithine and 
polyamines, which play an important role in wound healing [210]. Importantly, it is also well 
established that ARG1 promotes the inhibition of T cell responses through L-arginine 
depletion [211, 212]. 
In comparison to the classical Th1/ Th2 responses, very few data are available on the 
role of Th17 and Th9 type responses during nematode infections. The Th17 lymphocyte 
subset is characterized by the expression of the proinflammatory cytokines IL-17 and IL-22. 
Increased IL-17 production has been associated with the development of severe and harmful 
immunopathology during schistosomiasis [213, 214]. Similarly, trichuriasis in susceptible 
AKR mice strain triggers mixed Th1/Th17 responses, resembling those observed during 
Crohn inflammatory bowel disease of man [215]. However, BALB/c resistant mice develop a 
typical protective Th2 response resulting in the clearance of the T. muris infection [215]. 
Furthermore, the development of a Th17 response following a Trichinella spiralis infection in 
mice was associated with enhanced jejunal muscle contractility [216, 217]. Concerning the 
Th9 cell population, it is still unclear whether their expansion is detrimental for worm 
survival, however IL-9 which is the main effector of the Th9 cell subset, seems to play a 
rather beneficial role in immunity against intestinal nematodes, as increased expression level 
of IL-9 contributes in a fast clearance of the infection [218, 219]. In addition to Th9 cells, IL-
9 can also be produced by Th2 [220] and Th17 cell subsets [221] as well as mast cells [222]. 
A prolonged immune response, which can cause serious tissue damage, can be 
dampened via the expansion and the activation of a FOXP3+CD25+CD4+ T cell subset also 
known as Regulatory T cells (Tregs) [223]. Their contribution is clearly illustrated by the 
development of severe immunopathology disorders following the depletion of CD25+CD4+ T 
cells [224]. The regulatory T cell function is mainly mediated by the production of the 
immunosuppressors IL-10 and TGFβ, however it is worth noting that other factors such as 
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CTL-4, IL-2 and IL-35 have also been shown to play an important role in Treg 
immunomodulation [197, 223, 225]. Several studies have demontrated that nematode 
infections promote the expansion of FOXP3+ CD4+ T cells [226-228]. The expansion of the 
Treg cell population during nematode infection has been associated with the enhancement of 
worm survival and decreased immunopathology [229]. This observation is supported by the 
fact that Treg depletion results in increased worm burden [230-232]. Recently, the study of 
Broadhurst et al. revealed that the activation of alternatively activated macrophages, 
characterized by the expression of arginase I, induces FOXP3 expression in CD4+ T 
lymphocytes [233]. Furthermore, Segura et al. sfound that the ESPs of the intestinal nematode 
Heligmosomoides polygyrus trigger the impairment of DC function, which in turn leads to 
increased Treg cell differentiation and enhanced IL-10 production [234]. Interestingly, it has 
been demonstrated that soluble antigens produced by L4 larvae of O. ostertagi induce the 
expression of IL-10 and TGFβ and inhibit proliferation of bovine lymphocytes [235, 236]. 
Intriguingly, recent reports have revealed that the immunomodulation in ruminants is rather 
mediated by γδ T cells [237-239]. Unlike αβT cells, which are primarily located in the 
secondary lymphoid organs, γδ T cells mainly reside in the epitheliums underlying the 
internal and external surfaces of the body (such as the gastrointestinal mucosae) where they 
play an important role in the host defense against the invading organisms [240, 241]. In 
addition to the resident γδ T cells in the skin and the mucosal surfaces, they are also found in 
the blood as a minor population in humans and mice (1-10%), while the proportion of γδ T is 
noticeably higher in cattle (10-25% in adult cattle and around 40% in young calves) [242]. 
Despite the existence of common characteristics, substantial differences in γδ T cell 
populations exist between species. The subdivision of bovine γδ T cells is based on the 
expression of a cysteine-rich scavenger receptor known as workshop cluster 1 (WC1)[243]. 
Previous studies revealed that abomasal parasitism is associated with increased number of γδ 
T cells [179, 244], however whether this increase is beneficial or detrimental for the worm 
survival remains unclear.  
1.6.3. Antibody response 
The impact of an antibody response against GI nematode infections remains 
controversial [171]. Several studies have demonstrated that passive immunity against 
gastrointestinal nematode infections can be obtained by the transfer of immunoglobulin in 
mice models [245, 246], however it is worth noting that such mechanism has not been 
demonstrated in ruminants so far [247, 248]. 
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In sheep, levels of IgG1 and IgA are relatively high in genetically resistant animals to 
H. contortus infection [249, 250], while resistance to T. circumcincta is associated with high 
levels of IgA and IgG2 [251]. In addition, increased production of total and/or antigen-
specific IgE has also been reported after a primary infection of naïve sheep with T. 
circumcincta and H. contortus [252-254]. Unlike H. contortus antigen-specific IgE, total 
serum IgE levels were negatively correlated with worm burden in repeatedly infected animals 
[254], whereas the antigen-specific IgE proportion increased when animals developed 
immunity to T. circumcincta [253]. Similarly, increased IgA levels were associated with 
immunity to T. circumcincta and adult H. contortus [181, 249, 255-258].   
In cattle, an O. ostertagi infection results in increased numbers of B cells [179, 180] as 
well as serum immunoglobulin levels, which are in turn associated with immune protection 
[259]. While increased titers of O. ostertagi-specific IgG1 represents an indication for an O. 
ostertagi infection, high IgG2 levels are rather associated with the establishment of a 
protective response against O. ostertagi [260]. Furthermore, mucosal IgA has also been 
associated with resistance to reinfection with O. ostertagi and reduction of worm fecundity 
[261]. Recently, a transcriptomic analysis performed by Li et al. showed that an upregultation 
of the IgA receptor in immune cows is associated with the activation of the complement and 
the reduction of O. ostertagi burdens [262]. By contrast to the previous antibody isotypes, the 
impact of increased levels of IgE on the outcome of an O. ostertagi infection remains unclear 
[171]. Interestingly, the upregulation of the high-affinity IgE receptor (FCεR1A) in immune 
cows suggests that IgE might play an important role in the activation of effector cells such as 
eosinophils and mast cells [263]. 
1.6.4. Eosinophilia and mastocytosis 
Eosinophils, mast cells and globule leukocytes have received special attention as their 
number is consistently increased following gastrointestinal nematode infections [171, 264-
266]. The involvement of these cells in protection against nematode infections remains 
controversial [171], probably because eosinophil and mast cell activity depends on worm 
species, the host and the site of infection.  
Eosinophilia has been associated with resistance to H. contortus [267, 268] and T. 
circumcincta [268, 269] in sheep as well as C. oncophora in cattle [270], whereas the number 
of eosinophils was lower in immune calves in comparison with naïve ones, following a trickle 
infection with O. ostertagi [271]. Backer et al. showed that the intensity of eosinophil and 
mast cell infiltration in abomasal tissue depends on the type of bovine ostertagiosis. The 
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eosinophilia was greater in type I infection while the mastocytosis was more pronounced 
during type II infection [264]. Intriguingly, it has been reported that abomasal nematodes 
produce eosinophil chemotactic substances that attract eosinophils [272]. This observation 
raises the question on the biological relevance of evolutionary conservation of these 
chemotactic substances.  
In addition to eosinophils, tissue infiltration by mast cells and globule leukocytes is 
also considered as a common feature of rodent and ruminant gastrointestinal nematode 
infections [171]. Initially, Huntley et al. suggested that globule leukocytes originate from 
mucosal mast cells [273, 274], however others postulated that NK cells and lymphocytes are 
putative sources of globule leukocytes [275, 276]. Recent studies conducted on mice models 
revealed that the early activation of mast cells following nematode infections triggers the 
expression of epithelial-derived cytokines [277, 278]. Furthermore, the early degranulation of 
mast cells following nematode infections activates epithelial cells, resulting in the production 
of epithelial-derived cytokines which in turn results in the establishment of a Th2 protective 
response [277, 278]. Moreover, mast cell secretion may have an anti-parasitic activity [279] 
and may increase epithelial cell permeability [280, 281], leading to an enhanced translocation 
of antibodies and complement to the gut lumen. In line with these findings, tissue 
accumulation of globule leukocytes has been associated with rejection of H. contortus [282] 
and T. circumcincta [283, 284] in sheep. In contrast, while abomasal infiltration by globule 
leukocytes has often been reported following primary infections of calves either by single or 
trickle challenge with O. ostertagi [285-291], the association between the immune protection 
and the number of globule leukocytes was not consistently shown [263, 271, 289-291]. 
Recently, Van Meulder et al. suggested that vaccine-induced protection against O. ostertagi is 
mediated by granulysin release from globule leukocytes upon IgE stimulation [263]. 
1.6.5. Mucus barrier 
The mucus, produced by the gastric epithelial cells, is a gel-like layer providing a protective 
barrier between the underlying epithelium and the lumen, which consists in an extremely 
acidic environment and contains harmful digestive enzymes as well as invading pathogens 
[292]. One of the hallmarks of the gastrointestinal nematode infections is the alteration in the 
physicochemical proprieties of the mucous barrier, which in turn is thought to be a part of a 
host defence mechanism [293-295]. It has been shown that the depletion of mucus results in 
the establishment of N. brasiliensis in rats [296] and abrogated the protection against H. 
contortus infection in sheep [297]. The mechanisms behind the protective role of the mucus 
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against gastrointestinal nematode infections are sill not fully understood. It is thought that the 
mucus acts via the inhibition of parasite motility [296, 297] and the feeding capacity [298, 
299]. In this regard, the ingestion of the mucous, containing immune effectors, such as 
protective antibodies, might damage the nematode gut [299]. Moreover, paralyzing factors 
could inhibit larval migration [300, 301]. Douch et al. have attributed the paralyzing activity 
to mast cells compounds [302]. Although the precise mechanisms underlying the protective 
role of the mucous against the invading nematodes are not fully understood, multiple lines of 
evidence suggests that the qualitative and the quantitative alterations in mucin production and 
glycosylation might contribute in worm expulsion. It has been reported that MUC5AC is a 
critical factor contributing in the protection against several intestinal worms [303]. However, 
MUC5AC expression levels remain unchanged after a primary infection with O. ostertagi 
[131]. In contrast, MUC6, TFF1, TFF3 and several galectins are significantly upregulated 
[131, 293, 304]. Furthermore, several genes involved in synthesis of the mucin core structures 
and mucin glycosylation were altered [131]. How these changes could impact the 
establishment of abomasal nematode infections remains to be defined.  
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Objectives 
Despite decades of research efforts to unravel the pathobiology of bovine ostertagiosis, 
there are still some gaps in our knowledge, such as the origin of parietal cell loss, 
mucous cell hyperplasia and the susceptibility to infection for a long period of time. 
Therefore, our overall objectives were to investigate the molecular mechanisms behind 
the mucosal cell alterations as well as the immunological changes occurring in the 
abomasal mucosa during an O. ostertagi infection. This work also aimed to identify 
potential infection models that could be used to further analyse the pathophysiology of 
gastric nematode infections.  
 
The specific aims were: 
 
- Optimize a qRT-PCR methodology to analyse and measure mucosal gene 
transcript levels in cattle following an O. ostertagi infection (Chapter 2) 
- Investigate the mechanisms triggering the mucosal cell hyperplasia and parietal 
cell dysfunction following an O. ostertagi infection. (Chapter 3) 
- Analyse transcriptional changes of immune-related genes during both single and 
trickle infections with O. ostertagi. (Chapter 4) 
- Based on the data obtained in the Chapters 3 and 4, evaluate the use of the rabbit 
- Graphidium strigosum infection model to study the pathophysiology and the 
immunobiology of abomasal nematode infections in ruminants (Chapter 5) 
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Chapter 2: Effect of an Ostertagia ostertagi 
infection on the transcriptional stability of 
housekeeping genes in the bovine abomasum 
 
 
Based	  on:	  Effect of an Ostertagia ostertagi infection on the transcriptional stability of 
housekeeping genes in the bovine abomasum. Mihi B, Rinaldi M, Geldhof P. Vet 
Parasitol. 2011 Sep 27;181(2-4) 	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2.1 Introduction 
Quantitative Real-Time PCR (qRT-PCR) is a powerful technique frequently used to 
monitor transcriptional changes during parasitic infections. Although alternative 
normalization methods exist such as the mixed model equation [305], quantification of 
gene expression is mostly calculated by normalization against internal control genes, 
often referred to as housekeeping genes (HKGs). Such normalization reduces the 
potential errors generated by the variations in the amount and quality of the RNA or 
differences in the efficiencies of cDNA synthesis and PCR reactions. The HKGs most 
commonly used in studies on the host response during parasitic nematode infections are 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), beta-actin (ACTB) and 
ribosomal proteins (RPS29, RPL19) [193, 195, 306-309]. It is generally accepted that 
HKGs are stably expressed in all cells and under different experimental conditions. 
However, in recent years, several reports have appeared showing the transcriptional 
instability of these so-called HKGs in pathophysiological processes involving 
significant cellular changes, such as tumorigenesis [310, 311], making them clearly 
unsuitable for an accurate normalization. Therefore, the aim of the current study was to 
investigate the transcriptional stability of 11 candidate HKGs in the abomasum of cattle 
during an infection with the parasitic nematode O. ostertagi using (1) Genorm, (2) 
Normfinder and (3) The nonparametric Kruskal-Wallis test with Dunn’s multiple 
comparison post hoc tests. Furthermore, to evaluate the effect of selected HKGs on 
target gene transcription levels, IL-4 gene expression was investigated and compared 
with and without normalization. 
2.2 Material and methods  
2.2.1 Experimental design and tissue collection 
Sixteen helminth-naive Holstein calves, aged 6 to 8 months, were randomly selected 
and divided in 4 experimental groups. The animals were kept indoors to prevent 
accidental infection with nematode parasites. The calves were fed with hay and 
commercial pellets, and given ad libitum access to water. Four animals were sacrified at 
day 0 and used as the negative control group. The remaining animals were orally 
infected with 100,000 O. ostertagi L3 larvae/animal and killed after 6, 9 and 24 days 
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post infection (DPI). A fifth group of 4 helminth-naive animals were maintained for 60 
days on a pasture to acquire a natural O. ostertagi infection (60DPE) after which they 
were euthanized. At necropsy, tissue samples were collected from the fundic region of 
the abomasum, which were subsequently snap frozen on liquid nitrogen and stored at -
80°C until RNA was extracted. The experimental protocol was carried out with the 
approval from the ethical committee of the Faculty of Veterinary Medicine at Ghent 
University. 
2.2.2. RNA extraction and cDNA synthesis 
Total RNA was extracted from tissue samples using Trizol (Invitrogen) and 
further purified using RNeasy Mini kit (Qiagen). To remove contaminating genomic 
DNA (gDNA), on–column DNase digestion was performed using the RNase-free 
DNase set (Qiagen) according to the manufacturer’s instructions. RNA quality was 
verified using an ExperionTMAutomated Electophoresis System (Bio-Rad), and 
concentrations were determined using a NanoDrop ND-1000 spectrophotometer 
(NanoDrop Technologies). Genomic DNA contamination was investigated with the 
SuperScript One-Step RT PCR kit (Invitrogen) using intron-spanning primers for 
GAPDH (Supplementary table 1). One µg of total RNA was converted to cDNA using 
the iScript cDNA synthesis kit (Bio-Rad), which contains random primers, following 
the manufacturer's instructions. 
2.2.3. Housekeeping gene selection 
A panel of 11 potential HKGs was selected based on their use as HKG in 
previous studies [193, 195, 306-309, 311]. They included, beta-2 microglobulin (B2M), 
histone deacetylase 10 (HDAC10), hypoxanthine phosphoribosyltransferase 1 (HPRT1), 
ribosomal protein P0 (RPLP0), succinate dehydrogenase flavoprotein subunit A 
(SDHA), TATA box binding protein (TBP)-associated factor (TAF2), thioredoxin 
reductase 1 (TXNRD1), ubiquitin-conjugating enzyme E2D2 (UBE2D2), ACTB, 
GAPDH and ribosomal protein S29 (RPS29). Two ribosomal subunits (18s rRNA and 
28s rRNA) were also included in the analysis. The HKGs belonged to different 
functional classes to reduce the possibility of co-regulated transcription. 
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2.2.4. Quantitative Real-time PCR 
Real-time-PCR analyses was carried out with the SYBR Green Master Mix 
(Applied Biosystems) using 400 nM of each amplification primer and 2 µl of single-
stranded cDNA (10 ng of the input total RNA equivalent) in a 20 µl reaction volume. 
Amplification cycles were performed on a StepOnePlus Real-Time PCR System 
(Applied Biosystems) under the following conditions: 95°C for 20 sec followed by 35 
cycles of 95°C for 15 sec, 60°C (HKGs) or 64° C (IL-4) for 15 sec, and 72°C for 15 sec. 
The primer sets used to amplify the different genes were designed using the Primer3 
software (http://frodo.wi.mit. edu/primer3/) and are listed in supplementary Table 1. 
The primers for 18s rRNA, and RSP 29 were respectively described by Goossens et al. 
(2005) and Li et al. (2007) . Reaction efficiencies were measured based on a standard 
curve using dilution series of pooled cDNA from all the samples. All primers 
efficiencies ranged between 1,87 and 2,04. A melting curve analysis was performed at 
the end of the reaction to ensure specificity of the primers. In addition, PCR products 
were cloned in the pGEM-T vector according to the manufacturer’s instuction 
(Promega) and sequenced. Every assay included cDNA samples in duplicate and a non-
template control. Ct values were transformed in relative quantity using the previously 
described delta Ct method by applying the formula: Q = E(min Ct − sample Ct), where Q 
represents the relative quantity for each sample, E the amplification efficiency of the 
run, min Ct is the lowest Ct value among all the samples for each gene analysed and 
sample Ct is the Ct for each sample in the run 
(http://medgen.ugent.be/∼jvdesomp/genorm/geNorm_manual.pdf). To minimize 
technical mistakes and therefore misinterpretation of results, qRT-PCRs for each primer 
set were carried out for all the samples in replicate on the same plate. 
2.2.5 Housekeeping gene stability 
GeNorm (geNorm3.5) and NormFinder (version 0.93) software were used to 
study the transcriptional stability of the putative HKGs, according to the developer’s 
recommendations [312, 313]. GeNorm analysis calculates the gene stability measure 
(M), which is arbitrarily suggested to be lower than 1.5 (with a lower value indicating 
an increased gene stability across samples), and a pairwise variation (V) for a single 
gene compared to all other HKG candidates, to determine the benefit of adding an extra 
reference gene for the normalization process. An arbitrary cut off V value of 0.15 
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indicates acceptable stability of a reference gene combination [312]. NormFinder 
ranking is based on intra and inter-group variations among all the putative HKGs 
analysed, it generates a stability measure of which a lower value indicates increased 
stability in gene transcription [313]. HKG stability was also evaluated based on fold 
differences in gene transcription levels at different time points during the infection 
compared to the negative control animals. This was done by calculating the ratios of 
individual Q values on the geometric means of Q values of the control samples. 
Statistical analysis was carried out using GraphPad Prism software. The resulting data 
were analyzed using a nonparametric Kruskal-Wallis test followed by Dunn’s multiple 
comparison tests. A P-values of  < 0.05 was considered as significant.  
2.3. Results  
2.3.1. Stability of housekeeping genes among all sample groups using geNorm and 
NormFinder 
 
Gene transcription levels of 11 potential HKGs and 2 ribosomal subunits were 
measured by qRT-PCR in infected and uninfected animals (n = 20) and the expression 
stabilities were evaluated using geNorm and NormFinder programs. Based on the M 
value reported by geNorm, which has an arbitrary cut-off level of 1.5, all the genes 
investigated were found to be stable. The top ranked HKGs within all the experimental 
groups were SDHA and RPLP0, with an M value of 0.36 (Table 2.1). The pairwise 
variation V value of these two genes was 0.128, below the accepted cut-off of 0.15, 
indicating that in the current study the optimal number of reference genes for 
normalization based on geNorm was 2. In contrast, the NormFinder program, which 
enables the inclusion of inter-groups variability as a ranking parameter, identified 
HPRT1 and SDHA as the two most stable genes in the list  (Table 2.1).  
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Table 2.1: HKGs stability calculated by NormFinder and geNorm  
Gene Symbol Cellular Function NormFinder geNorm 
    ACTB Cell locomotion 0.227 0.524 
    B2M MHC-mediated immunity 0.422 0.722 
    GAPDH Carbohydrate metabolism 0.398 0.616 
    HDAC10 Histone deacetylation 0.243 0.491 
    HPRT1 Nucleotide metabolism 0.178 0.402 
    RPLPO Translation 0.253 0.360 
    RPS29 Translation 0.338 0.465 
    SDHA Electron transport 0.199 0.360 
    TAF2 Transcription 0.343 0.554 
    TXNRD1 Sulfur redox metabolism 0.473 0.675 
    UBE2D2 Proteolysis 0.205 0.439 
    18S rRNA Translation 0.328 0.479 
    28S rRNA Translation 0.350 0.503 
a gene stability value 
b gene stability measure (M) 
Top ranked genes stability measures are reported in bold 
 
2.3.2. Stability of housekeeping genes compared to normal tissues 
The effect of an O. ostertagi infection on HKG transcription levels was further 
investigated by comparing for each HKG the non-normalized values in infected groups, 
at each time point, to those calculated in the uninfected group (day 0). Furthermore, the 
transcription levels of the 18s and 28s rRNA genes were analyzed, as an indication of 
technical replication among samples and groups. The transcription levels of all the 
putative HKGs showed to be significantly different in at least one time point compared 
to the control animals (Figure 2.1). The majority of the HKGs were significantly 
upregulated at 24 DPI, with the highest upregulation of 8.7 and 9.5 fold observed for 
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TXNRD1 and GAPDH, respectively (Figure 2.1). Interestingly, the HKGs selected by 
geNorm (SDHA and RPLP0) and NormFinder (HPRT1 and SDHA) also showed a 
significant increase in gene transcription levels during the infection compared to the 
control. On the other hand, transcription levels of the 18s rRNA and 28s rRNA genes 
were found to be very stable during the infection, with the exception of 28s rRNA 
which showed a minor but significant up-regulation (1.73 fold) at 60 days post exposure 
(60DPE) 
 
Figure 2.1 Comparative transcription levels of 11 putative HKGs, 2 ribosomal 
subunit genes during an O. ostertagi infection as determined by qRT-PCR. 
Data are reported as fold change during infection (6, 9, 24 DPI and 60 DPE) compared 
to the geometric mean of the control group (0 DPI) and they are expressed as mean + 
standard error (n = 4). Relative gene transcription of 11 putative HKGs and 2 ribosomal 
subunit genes during infection. *P  ≤ 0.05, **P  ≤ 0.01, different relative to control (0 
DPI). 
 
2.3.3. Comparison of normalized and non-normalized relative quantification 
methods on IL4 gene expression  
To evaluate the effect of the different relative quantification methods on target 
gene transcription levels, IL-4 transcription levels were investigated and calculated with 
and without normalization. Normalization was performed by the most commonly used 
HKGs in literature, i.e. ACTB and GAPDH as well as the HKGs selected by geNorm 
(SDHA and RPLP0) and NormFinder (HPRT1 and SDHA). As shown in Figure 2.2,   
IL-4 was found to be significantly upregulated at 24 DPI. When analyzed without 
normalization or using the HKGs selected by geNorm and NormFinder, the p values 
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were lower than 0.01. Although a similar trend of variation was observed when the 
expression levels of IL-4 were normalized against ACTB and GAPDH, the p value was 
noticeably higher than those described above (P> 0.01). Depending on the calculation 
method, IL-4 upregulation at 24 dpi varied between 8.4 and 44-fold change with 
(ACTB-GAPDH) and without, normalization, respectively.   
 
Figure 2.2 Comparative transcription levels of IL-4 during an O. ostertagi infection 
as determined by qRT-PCR without normalization and after different 
normalizations. Data are reported as fold change during infection (6, 9, 24 DPI and 60 
DPE) compared to the geometric mean of the control group (0 DPI) and they are 
expressed as mean + standard error (n = 4). Relative gene transcription of IL-4 during 
infection is reported without normalization and after normalization with ACTB-
GAPDH, top ranked NormFinder (ACTB-HPRT), and geNorm (RPLP0-SDHA) HKGs. 
*P  ≤ 0.05, **P  ≤ 0.01  different relative to control (0DPI) 
 
2.4. Discussion 
Quantitative Real-Time PCR is one of the most established and sensitive 
methods available to use for detection of gene transcription level. Selection of 
appropriate control genes, stable in all the experimental conditions, is an absolute 
prerequisite for reliable results. There are not universally suitable HKGs, therefore 
programs such as NormFinder and geNorm and analysis such as nonparametric 
Kruskal-Wallis tests are nowadays available to evaluate the variability of potential 
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reference genes during experimental studies. 
Using the geNorm program we found that all the potential HKGs were 
considered stable, as reflected by the M values which were under the arbitrary threshold 
of 1.5 for all the genes. Although expression stability analysis by NormFinder identified 
different top-ranking genes compared to geNorm the most stable genes identified by 
NormFinder were also considered stable by geNorm. The difference between the two 
programs is due to the way the transcriptional stability of the HKGs is calculated. The 
geNorm analysis approach is based on pairwise comparison of gene expression between 
a HK candidate gene and the other candidates across all the samples, with acceptance of 
transcriptional stability for genes that are different from the control but behave similarly 
during the infection. NormFinder, on the other hand, uses an ANOVA-based model to 
measure intra- and inter-group variations but without setting a threshold below which 
genes cannot be considered stable compared to control. Therefore, to further investigate 
the variability of the putative HKGs during an O. ostertagi infection, statistical analysis 
using the nonparametric Kruskal-Wallis test with Dunn’s multiple comparison post hoc 
tests were performed on non-normalized transcription data, assuming that starting RNA 
concentrations and reverse transcriptase efficiency are identical. Livak and Schmittgen 
have previously demonstrated that relative quantification of transcription levels without 
normalization was appropriate to determine the effects of an experimental treatment on 
gene transcription relative to an internal control, for example at time 0 [314]. The 
analysis showed that all the putative HKGs considered in this study, including the ones 
selected by geNorm and NormFinder, were significantly upregulated in infected animals 
compared to the controls, even RPS29 which has been previously used as HKG in a 
study during an O. ostertagi infection [308]. This suggests clearly that none of these 
genes can actually be used as a HKG. The greatest alterations in gene transcription 
levels appeared at 24 DPI. It still remains unclear if the observed alterations in mRNA 
level are due to changes in cell transcript levels or to the dramatic changes in cell 
populations occurring in the abomasal tissue at this moment in the infection [29, 144, 
165, 315] or to a combination of both. A previous study published by Takagi et al.  
suggested that the up-regulation of a panel of reference genes during a hyperplastic 
pathological process was due to the involvement of HKGs in DNA synthesis and cell 
proliferation mechanism [316]. GAPDH and ACTB, two of the most commonly used 
reference genes were found to be the least stable candidates in our study. Similarly, 
previous studies have reported GAPDH and ACTB to be unstable in regenerative 
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hyperplastic and tumoral processes [310, 316-318]. Interestingly, not all parasitic 
infections seem to be associated with alteration of putative HKGs. In fact, assessment of 
the HKG transcription levels during infections with the intestinal parasites Cooperia 
oncophora and Ascaris suum in cattle and pigs, respectively, revealed them to be highly 
stable (data not shown), due to the minor cellular changes observed during these 
infections compared to an O. ostertagi infection. Variations in the transcription profiles 
of 18s and 28s rRNA were also investigated in this study. They were both found to have 
a high transcriptional stability throughout the infection. This is consistent with previous 
findings showing rRNA subunits to be more stably transcribed in hyperplastic processes 
compared to other genes [316, 317]. Although 18s rRNA and 28s rRNA measure of 
stability was within the range of acceptance, it has repeatedly been documented that 
they are not good HKGs [319, 320] since their synthesis regulation is not representative 
of mRNA levels [321, 322]. However, since rRNA represents the highest portion of the 
total RNA isolated from tissue samples (95–99%), the stability of transcription of both 
subunits is a good indication of technical replication among samples and groups. This is 
not surprising, considering that in the current study quality and quantity of RNA were 
checked before cDNA synthesis and cDNA quantity was checked before the qRT-PCR 
runs. It was previously suggested to spike samples with an exogenous reference mRNA 
to control the efficiency of the cDNA synthesis step [323]. Although this is a good 
strategy to adopt, one could argue whether it is still necessary since there are now 
several technologies available to measure RNA and DNA quality and quantity of small 
samples in a precise and reliable manner. 
To demonstrate the effect of normalizing target gene transcription levels with 
unstable HKGs, IL-4 transcription levels were assessed using different normalization 
procedures. IL-4 was selected as a target gene because the up-regulation in the 
abomasum during a primary O. ostertagi infection has previously been reported [191, 
324]. The HKGs used to perform normalization were the ones selected by geNorm and 
NormFinder and the most commonly used GAPDH-ACTB. Although a similar trend of 
variation was observed among the infected groups, independently from the 
normalization method used, our findings clearly showed that using unstable HKGs a 
dramatic under-estimation of gene transcription levels between control and infected 
animals occurred in comparison to the levels calculated without normalization. Since 
IL-4 levels increase dramatically during an O. ostertagi infection, the upregulation was 
still detectable independent of the normalization approach used. However, if target 
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genes undergo smaller transcriptional changes, it is clear that these might be completely 
missed or misinterpreted by using unstable HKGs.  
In conclusion, the outcome of this study clearly advocates for a detailed analysis 
of HKG variability prior to undertake any target gene transcription analysis during a 
parasitic infection. Alternatively, non-normalized relative quantities can also be used 
when an accurate measurement of the quality and quantity of RNA material is 
performed. This can be combined with the evaluation of 18s rRNA transcription levels 
by qRT-PCR to assess a good level of technical replication among samples and groups. 
 	  
 	  
 
 
 	  	  	  	  
Chapter 3: Analysis of the cellular hyperplasia 
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Ostertagia ostertagi infection 
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3.1. Introduction 
O. ostertagi infections result in profound physio-morphological and functional 
alterations of gastric mucosal cells including mucous cell hyperplasia, impairment of 
parietal cell function and the replacement of functional parietal cells by an 
undifferentiated cell population [126, 325]. The molecular mechanisms mediating these 
mucosal changes during an O. ostertagi infection remain largely unknown.   
It has been suggested that these mucosal changes can be triggered by the local 
inflammatory response, as increased expression levels of pro-inflammatory factors such 
as IL-1β, TNFα and prostaglandin E2 (PGE2) are associated with the impairment of 
parietal cell function and the alterations of mucosal cell homeostasis [96, 110, 326, 
327]. In addition to inflammatory factors, changes in expression levels of SHH, FGFs, 
BMPs, WNT, NOTCH and EGF ligands could induce an imbalance between cell 
proliferation and cell differentiation in the gastric mucosa [328]. Apart from the host 
factors, several studies have also suggested that ESPs produced by abomasal nematodes 
can actively contribute in the initiation of the pathophysiological changes, observed 
during an O. ostertagi infection [329]. The role played by all these factors in the 
pathogenesis of abomasal ostertagiosis is still unknown. Therefore, the purpose of the 
current work was to investigate the pathophysiological alterations affecting mucosal 
cells and to unravel the changes in the signaling pathways that might generate these 
alterations. Finally, we also wanted to analyze whether the inhibition of parietal cell 
activity is triggered by a direct effect of O. ostertagi ESPs and/or by increased levels of 
inflammatory factors. 
3.2. Material and methods 
3.2.1. Infection trials, tissue collection and parasite material 
Sixteen helminth-naive Holstein calves, aged 6 to 8 months, were randomly 
assigned into the different experimental groups (described in Chapter 2, paragraphs: 
2.2.1). Three groups of four calves were orally infected with a single dose of 100,000 O. 
ostertagi L3 larvae/animal and killed after 6, 9 and 24 days post infection (DPI), 
respectively, corresponding to the presence of L3, L4 and adult stages. Another group 
of four calves was maintained uninfected and used as a negative control. For 
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histological analysis, an additional group of three calves was infected with the same 
challenge and killed at 21 days post infection (21 DPI). Furthermore, a group of four 
calves was maintained on a pasture to acquire a natural O. ostertagi infection and 
euthanized 60 days after the first exposure (60DPE) (described in Chapter 2, 
paragraphs: 2.2.1). An additional group has been included in this study, in which six 
helminth-naive calves received 1000 L3 infective larvae per day during 30 days and 
were killed 60 days after the first challenge (60 DPI). The experimental protocol was 
carried out with the approval of the ethical committee of the Faculty of Veterinary 
Medicine at Ghent University. Parasite collection, culture and ESPs purification were 
performed as previously described by Geldhof et al. [330]. The postmortem worm 
counts were performed according to the method described Geldhof et al [331]. LPS 
contamination of ESPs was quantified using ToxinSensor TM chromogenic LAL 
endotoxin assay kit (GenScript) according to the manufacturer’s instructions. 
3.2.2. Cell culture  
Bovine mucous epithelial cell culture was carried out following the method 
described by Hoorens et al. [304]. Isolation and culture of parietal cells was performed 
as previously described with some modifications [332]. In short, rabbit and bovine 
stomachs collected from slaughterhouses were washed and transported in cold PBS. The 
stomachs were inspected for the presence of inflammation or signs of infection. The 
mucus was removed using a glass slide and the mucosa was scraped off and minced in 
very small fragments. After successive washing steps with phosphate buffered saline 
(PBS) and minimum essential medium (MEM) (Invitrogen), the minced mucosa was 
digested for 30 minutes in MEM medium supplemented with 2 mg/ml collagenase Type 
1 (Invitrogen) and 5mg/ml bovine serum albumin (BSA). The digestion was stopped by 
three-fold dilution of the collagenase solution and big undigested fragments were 
removed using a 220 µm mesh sieve. The gastric glands were allowed to settle down for 
20 minutes after which the supernatant was discarded and the remaining glands were 
further dissociated mechanically by pipetting the solution up and down. The cells were 
washed and centrifuged three times at 350 g for 5 minutes. The resulting cells were 
filtrated through 40 µm cell strainers, washed three times in PBS and incubated in 
medium A containing: Dulbecco's modified Eagle medium/ nutrient mixture F-12 
(DMEM/F12, Sigma Aldrich) supplemented with 20 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), 0.2% BSA, 10 mM glucose, 8 nM EGF (Sigma 
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Aldrich), 1× insulin, transferrin, selenium solution (ITS -G) (Gibco), 1% penicillin-
streptomycin, 50 mg/ml amphotericin B and 25 µg /ml gentamycin (Invitrogen). Cells 
were washed in PBS and plated on chambered coverslips (Nunc) coated with Matrigel 
basement membrane (BD bioscience), diluted at 1/7 in ice-cold sterile water and 
incubated at 37°C in medium A without amphotericin B.  
3.2.3. RNA extraction, cDNA synthesis and quantitative Real-time PCR 
RNA extraction, cDNA synthesis and real time PCR reactions were carried out 
according to the procedure described in Chapter 2 (paragraphs: 2.2.2 and 2.2.4). Primer 
sequences and melting temperatures are shown in supplementary Table 1. In cell culture 
experiments, the relative expression levels were normalized against RPS 29, using the 
delta-delta CT method, as the transcription levels of RPS29 were stable in all the 
experimental groups (data not shown). The quantification of gene expression at the 
mucosal level following O. ostertagi infection was obtained by transforming the Ct 
values into relative quantities (Chapter 2, paragraph 2.2.4). Gene expression was 
evaluated based on fold changes in gene transcription levels at different time points 
during the infection compared to the negative control animals. This was done by 
calculating the ratios of individual relative quantities on the geometric means of relative 
values of the control samples. 
3.2.4. Histology and Immunofluorescence 
In order to investigate the impact of an O. ostertagi infection on the mucosal cell 
proliferation and on the number of parietal cells, tissue sections were stained for Ki-67, 
which is a cell proliferation marker, and for the catalytic α-subunit (ATP4A) of the 
H+/K+ ATPase, which is exclusively expressed by the parietal cells in the abomasal 
mucosa. 5µm formaldehyde-fixed tissue sections were successively deparaffinized in 
xylene, rehydrated in graded ethanol and rinsed in PBS. Sections were boiled in Antigen 
Retrieval Citra Microwave Solution and washed respectively 15 minutes in water and 5 
minutes in PBS. Sections were permeabilized in 2% bovine serum albumin (BSA), 
0.3% TritonX-100 PBS for 15 minutes, then blocked in 2% BSA in PBS for 45 minutes. 
Tissue sections were incubated with primary antibodies diluted 100 times (rabbit anti-
ATP4A IgG (Calibiochem) and rabbit anti-Ki-67 IgG (Abcam)) overnight at 4°C. After 
washing with PBS, tissue specimens were incubated for 1 hour with a secondary 
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antibody diluted 100 times (Alexa Fluor 488 goat anti-rabbit IgG (Invitrogen)). DAPI 
(1.5 µg/ml) was used to counterstain the nuclei. Tissue sections were rehydrated in an 
ethanol gradient and were mounted in DEPX mounting medium (VWR). The slides 
were observed using a LEICA microscope. In order to count parietal cells, four random 
pictures were chosen from each stained section. Parietal cell count was performed using 
one ATP4A stained section per animal. Positive ATP4A stained cells were counted in a 
200 µm wide area from the bottom of the glands to the mucosal surface using ImageJ 
software. The ATP4A staining of cultured parietal cells was carried out as described by 
Agnew et al. [332].  
3.2.5. Measurement of acid secretion 
The method applied to measure acid secretion by parietal cells has been 
described previously by Mangeat et al. (1990) [333]. Briefly, parietal cells grown on 
Matrigel coated Lab-TeK chambered coverslips were pre-incubated during 15 minutes 
or 24 hours with or without O. ostertagi ESPs and/or with different secretagogues 
namely: histamine, carbachol and (N6,2-O-dibutyryl)- cyclic adenosine-3,5-mono-
phosphate (dbcAMP), which is a Cell-permeable analog of 3'-5'-cyclic adenosine 
monophosphate (cAMP) for 20 minutes. Parietal cells were then incubated for 10 
minutes with 10-6 M fluorescent weak base 9-aminoacridine (9-AA) (Ex: 400 nm-Em 
450nm), which accumulates in the secretory vacuoles depending on the pH level 
following parietal cell activation. Cells were washed three times and perfused again 
with the same concentrations of ESP and/or secretagogue as used before. Ten random 
pictures were taken below the saturation levels of the 9-AA fluorescence. The 
fluorescence intensity and the area of 9-AA within the secretory vacuoles were 
quantified using ImageJ software. The mean fluorescence intensity and the area of 
fluorescent vacuoles were measured in the blue channel after subtraction of background 
fluorescence. The multiplication product of the mean fluorescence intensity and the area 
of acidic vacuoles were representative of acid secretion index per parietal cell. 
3.2.7. Statistical analysis 
Statistical analysis was performed using GraphPad Prism software. The resulting 
data were analyzed using a nonparametric Kruskal-Wallis test followed by Dunn’s 
multiple comparison tests. In cell culture experiments the analysis was carried out using 
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the unpaired Student’s t-test by comparing each group of treated cells with the PBS 
control group. A P-value of < 0.05 was considered as statistically significant. 
3.3. Results  
3.3.1. Postmortem worm counts 
Postmortem worm counts (Table 3.1) showed that both natural and artificial O. 
ostertagi infections were successfully established. The numbers of recovered worms 
from naturally infected animals were substantially higher compared to the artificially 
infected groups.  
 
Table 3.1.  Postmortem worm counts 
 
Groups Challenge 
Average 
Worm 
counts 
Range Percentage of adult worms  
Controls -­‐	   - - -­‐	  
6 DPI 105 larvae on day 0 11717 8700-15700  0% 
9 DPI 105 larvae on day 0 21255 9000-42000 0% 
24 DPI 105 larvae on day 0 NC NC NC 
60 DPI 10
3 larvae/ day during 30 
days 8383 5700-10800 63.1% 
60 DPE Natural infection 146659 81950-189700 21.4% 
NC Not Counted 
 
3.3.2. Impact of O. ostertagi infection on mucosal cell proliferation 
In order to determine the impact of an O. ostertagi infection on mucosal cell 
proliferation, tissue sections were stained for Ki-67 as a cell proliferation marker 
(Figure 3.1). A marked increase of stained nuclei located in the neck zone of all the 
gastric glands was observed following both single or trickle infection. One animal from 
the 21 DPI group only showed proliferation in areas surrounding the glands containing 
the larvae and did not show a significant increase of stained nuclei in non-invaded 
mucosa (data not shown). 
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Figure 3.1. Representative pictures of fundic sections stained for the proliferation 
marker Ki67. Proliferative nuclei are stained in green. UNINF: uninfected, DPI: days 
post infection, DPE: days post exposure. L: lumen (Scale bar = 100 µm).  
 
To determine which pathways are involved in the observed cellular hyperplasia 
and cell dedifferentiation, transcriptional changes of signaling molecules related to the 
homeostasis of gastric epithelial cells were investigated and the results are shown in 
Table 3.2. WNT5A, HES1, AREG, HB-EGF mRNA levels were significantly increased 
at 24DPI, 60DPI and 60DPE, while FGF10 was only significantly upregulated at 24DPI 
and 60DPE groups. ADAM17 and ADAM10, two activators of several signaling 
molecules such as HB-EGF, were also significantly upregulated during both 
experimental and natural infections.  
 
 
 
 
 
UNINF 21 DPI 
60 DPE 60 DPI 
L L
LL
Effect of O. ostertagi infection on parietal cell function and epithelial cell proliferation  	  	  
	  57 
 
Table 3.2. Effect of an O. ostertagi infection on transcript levels of signaling 
network components involved in gastric cells homeostasis. (Mean fold change 
compared to uninfected calves ± SEM) 
 
 
Single infection   Trickle infection 
  Experimental   Experimental   Natural  
Gene 6DPI 9DPI 24DPI   60DPI   60DPE 
    
	  
 
  HB-EGF 2.61±1.3 4.47±0.68 7.12±1.33** 
	  
6.45±1.11** 
 
5.13±1.31* 
AREG 3.57±1.78 4.01±0.82 11.40±1.58** 
	  
7.79±0.77** 
 
8.86±2.48* 
FGF10 2±0.2 2.34±0.43 4.33±0.45*** 
	  
1.83±0.13 
 
2.58±0.46* 
 HES1 1.79±0.24 2.07±0.34 2.3±0.3* 
	  
3.20±0.36** 
 
1.97±0.2* 
ADAM10 1.66±0.83 2.44±0.6* 2.64±0.68* 
	  
1.76±0.19* 
 
2.14±0.22* 
 ADAM17 1.96±0.25 2.16±0.29 3.5±0.6** 
	  
2.41±0.25* 
 
2.66±0.26* 
Wnt5A 1.93±0.17 1.92±0.31 3.09±0.22** 
	  
2.76±0.30** 
 
2.01±0.31* 
SHH 2.25±0.68 2.26±1.06 1.98±0.49 
	  
2.93±0.61* 
 
1.81±0.44 
BMP4 1.31±0.16 1.7±0.36 1.63±0.14 
	  
1.69±0.15 
 
1.26±0.09 
 FGF20 2.27±0.33 2.87±1.78 1.95±0.31 
	  
1.44±0.26 
 
2.94±0.31* 
GIF 1.7±0.22 1.13±0.05 0.85±0.15 
	  
0.61±0.01 
 
0.72±0.15 
 
*p value ≤ 0.05 uninfected animals vs infected animals 
** p value ≤ 0.01 uninfected animals vs infected animals 
*** p value ≤ 0.001 uninfected animals vs infected animals 
3.3.3. Effect of O. ostertagi infection on parietal cells and their activation  
It was shown previously that following O. ostertagi infection, there is an 
inhibition of gastric acid secretion [325]. In order to unravel the mechanism behind this 
inhibition, parietal cells were stained with ATP4A antibody and subsequently counted 
in the abomasal mucosa following an O. ostertagi infection. Although the total parietal 
cell number was unchanged at 21 DPI (128.33±9.27) compared to the uninfected 
control animals (122.81±5.5), a focal loss of parietal cells was consistently observed 
around gastric cysts, containing an immature larva. A significant diffused decrease of 
parietal cells throughout the abomasal mucosa was observed after both experimental 
and natural trickle infections (94.5±4.27 and 62.31±14.52) (Figure 3.2).  
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Figure 3.2. Impact of an O.ostertagi infection on parietal cell numbers. Parietal cells 
were visualized in fundic sections by immunostaining for ATP4A. Parietal cells are 
stained in green. UNINF: uninfected, DPI: days post infection, DPE: days post exposure 
(Scale bar = 100 µm) 
 
In addition to the immunofluorescent staining, the transcriptional analysis of 
parietal cell markers showed that ATP4A and AQP4 were significantly downregulated 
following a trickle infection, whereas KCNQ1 transcript levels were unchanged in all 
animals (Table 3.3). All together, these data showed that parietal cell loss occurs 
following a long period of parasite exposure.  
In order to understand how an O. ostertagi infection results in inhibition of 
gastric acid secretion upon the emergence of adult worms, in the absence of parietal cell 
loss, transcriptional levels of different genes involved in the endocrine activation 
process of parietal cells were assessed. The expression levels of the cholecystokinin B 
receptor (CCKBR) and histidine decarboxylase (HDC), which are implicated in 
histamine production by enterochromaffin like cells, were not impacted by the infection. 
UNINF 21DPI 
60DPE 60DPI 
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Furthermore, the expression of the histamine receptor HRH2, which is responsible for 
parietal cell activation, was not affected by the infection (Table 3.3). 
 
Table 3.3 
Effect of an O. ostertagi on transcript levels of physiologic gastric acid secretion 
regulators (Mean fold change compared to uninfected calves ± SEM) 	  
 
Single infection   Trickle infection 
 Experimental   Experimental   Natural  
Gene 6DPI 9DPI 24DPI   60DPI   60DPE 
	   	   	   	   	   	   	   	  ATP4A 1.62±0.35 0.75±0.08 0.49±0.14 
	  
0.67±0.04 
	  
0.29±0.05* 
AQP4 1.05±0.53 0.99±0.25 0.88±0.08 
	  
0.64±0.02* 
	  
0.42±0.06* 
KCNQ1 1.56±0.17 1.11±0.18 1.42±0.24 
	  
1.27±0.04 
	  
1.6±0.25 
 HDC 1.57±0.07 1.33±0.17 1.83±0.4 
	  
0.94±0.05 
	  
1.53±0.37 
HRH2 2.18±0.23 1.1±0.24 1.34±0.21 
	  
0.92±0.09 
	  
0.69±0.08 
 CCKBR 0.95±0.22 1.39±0.35 0.59±0.15 	   0.70±0.5 	   0.72±0.1 
 
*p value ≤ 0.05 uninfected animals vs infected animals 
** p value ≤ 0.01 uninfected animals vs infected animals 
 3. 3.4. Impact of O. ostertagi ESPs on parietal cell activity 
In an attempt to study the inhibitory activity of O. ostertagi ESPs on the acid 
secretion of parietal cells, bovine parietal cells were first isolated and cultured. The 
proportion of attached bovine parietal cells obtained after 16 hours of culture was less 
than 5%. After 48 hours, only few bovine parietal cells were still attached to the 
coverslips. Under histamine and carbachol stimulation, bovine parietal cells did not 
show any reorganization of ATP4B location (Figure 3.3). These data suggested that the 
cultured bovine parietal cells were not responsive to the common secretagogues. In 
contrast, the same protocol applied on rabbit parietal cells resulted in 70% of attached 
parietal cells after being placed in culture for 16 hours. In resting state, ATP4B staining 
was diffused in the cytoplasmic compartment, whereas under histamine and carbachol 
stimulation, ATP4B was translocated along secretory vacuoles (Figure 3.3). Therefore, 
the impact of O. ostertagi ESP on acid secretion was further investigated using cultured 
rabbit parietal cells.  
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Figure 3.3. Effect of histamine and carbachol treatment on ATP4A cytoplasmic 
distribution in cultured rabbit and bovine parietal cells. Parietal cells were treated 
with histamine (10-5 M), carbachol (10-5 M) or PBS for 30 minutes prior to ATP4A 
staining. (Scale bar = 10 µm) 
 
Cultured rabbit parietal cells were incubated for 24 hours with different concentrations 
of adult or L4 ESPs material. None of the L4 ESPs concentrations showed a significant 
effect on histamine and carbachol stimulation (Figure 3.4 A), whereas incubation of 
parietal cells with 100 µg/ml of adult ESPs significantly inhibited the 9-AA 
accumulation by 53%. In contrast, no inhibitory effect was seen using the same 
concentration of adult ESPs on carbachol stimulated cells. Furthermore, incubation of 
parietal cells with 100 µg/ml of adult worm protein extract or boiled adult worm ESPs 
did not affect acid secretion (Figure 3.4 B). In contrast with the 24 hours pre-incubation 
period, 15 minutes pre-incubation of parietal cells with adult ESPs at 100µg/ml did not 
significantly alter the histamine induced acid secretion (Figure 3.4 C). In order to 
investigate the impact of adult ESPs on histamine receptor independent activation of 
acid secretion, parietal cells were stimulated dbcAMP, following 24 hours of incubation 
with adult ESPs. Adult ESPs significantly reduced dbcAMP stimulation of acid 
secretion (Figure 3.4 D).  
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Figure 3.4. Impact of O. ostertagi ESPs on parietal cell activity. (A) Cultured rabbit 
parietal cells were pre-incubated with parasite ESP at different concentrations for 24 
hours, and then stimulated with histamine (10-5 M) or carbachol (10-5 M) for 15 
minutes. Quantitation of acid-secretion was measured using 9-aminoacridine (9-AA) 
accumulation as described in material and methods. Data are expressed as percentages 
(means ± SEM) of secretory index in histamine or carbachol stimulated parietal cells in 
the absence of ESPs treatment. (B) Quantification of acid secretion in histamine 
stimulated rabbit parietal cells following 24 hours of pre-incubation with native adult 
worm extract, adult ESPs and boiled ESPs at 100 µg/ml (C) Quantification of acid 
secretion following 15 minute and 24 hours of incubation with adult ESPs. (D) 
Quantification of acid secretion in dibutyryl cyclic adenosine-3,5-mono-phosphate 
(dbcAMP) stimulated rabbit parietal cells following 24 hours of preincubation with 
100µg/ml adult ESPs. Data are expressed as percentages (means ± SEM) of secretory 
index in dbcAMP or carbachol stimulated parietal cells in the absence of ESPs 
treatment. (** p value ≤ 0.01, *** p value ≤ 0.001) 
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3.3.5. Mucosal inflammatory response induced by O. ostertagi  
Previous studies revealed that inflammatory factors could be involved in the 
impairment of gastric epithelial cell homeostasis and parietal cell function. Therefore, 
transcriptional changes of inflammatory related-genes have been investigated in the 
abomasal mucosa following an O. ostertagi infection and the results are shown in Table 
3.4. IL-1β, IL-8 and COX-2 exhibited increased transcriptional levels at 24 DPI in the 
animals infected with a single dose of O. ostertagi compared to the uninfected group. In 
contrast, TNFα mRNA levels were not affected by the infection. In addition, 
transcriptional analysis of inflammatory factors in animals receiving a trickle infection 
for a long period of time, revealed that IL-8 was significantly upregulated at 60 DPE 
and 60 DPI, whereas COX-2 was only upregulated at 60 DPI. In contrast, IL-1β and 
TNFα were not impacted in both groups of trickle infections. 	  
Table.3.4 Effect of an O. ostertagi infection on transcript levels of inflammatory-
related genes (Mean fold change compared to uninfected calves ± SEM). 	  
 
Single infection   Trickle infection 
 Experimental   Experimental   Natural  
Gene 6DPI 9DPI 24DPI   60DPI   60DPE 
        IL-1β  3.01±1.29 5.96±0.84 35.37±10.77*** 
 
3.52±0.49 
 
5.51±1.86 
IL-8 3.11±1.8 5.52±1.6 50.68±14*** 
 
8.53±1.55** 
 
9.65±2.66* 
TNFα  1.81±0.41 2.02±0.31 5.44±1.32 
 
2.20±0.0381 
 
3.76±1.06 
COX-2 1.05±0.1 1.65±0.2 6.45±1.67** 
 
2.92±0.36* 
 
1.69±0.22 
 
*p value ≤ 0.05 uninfected animals vs infected animals 
** p value ≤ 0.01 uninfected animals vs infected animals 
*** p value ≤ 0.001 uninfected animals vs infected animals 	  
In order to investigate whether O. ostertagi ESPs are implicated in the induction 
of these inflammatory factors, expression levels of IL-1β, COX-2, IL-8 and TNFα were 
measured in cultured bovine mucous cells treated with L4 and adult ESPs for 24 hours 
(Figure 3.5). Transcription levels of TNFα, COX-2, IL-1β and IL-8 were not impacted 
by L4 ESPs treatment. In contrast, IL-1β and COX-2 mRNA levels were significantly 
higher in the cells treated with 25ug/ml adult ESPs, while TNFα and IL-8 
transcriptional levels were unchanged by the same concentration compared to the PBS 
control. 
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Figure 3.5. Impact of O. ostertagi ESPs on the transcription of inflammatory 
factors in bovine epithelial cells. Relative expression levels of IL-1β, IL-8, TNFα and 
COX-2 were quantified in cultured bovine mucous epithelial cells following a 
preincubation of 24 hours with O.ostertagi adult (AD) and L4 ESPs at different 
concentrations. In addition, cells were treated with 8 ug /ml LPSs corresponding to the 
highest concentration of LPS contamination present in the ESPs. Relative expression 
levels were normalized against RPS 29 and expressed as mean fold change ± SE. (* p 
value ≤ 0.05) 
3.4. Discussion 
In agreement with previous reports, our data showed that O. ostertagi infection 
results in marked mucosal alterations affecting gastric epithelial cells. These changes 
are mainly associated with the development and appearance of adult worms in the 
abomasum.	  
Our data revealed that O. ostertagi infection triggers a prominent mucous cell 
hyperplasia in the neck zone of the abomasal mucosa. Our data also revealed that the 
abomasal hyperplasia is associated with enhanced transcriptional levels of HES1, 
WNT5A and FGF10. These signaling molecules have been shown to play an important 
role in the maintenance of stem cells proliferation in the gastric isthmus [328]. It has 
been reported that the activation of WNT signaling in the gastric mucosa leads to an 
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expansion of undifferentiated stem cells [334]. In addition, overexpression of FGF10 in 
chicken embryos leads to increased levels of BrdU incorporation in the stomach, 
attesting the presence of glandular cell proliferation [335]. Furthermore, it has been 
reported that HES1 was present in proliferating cells within the isthmus of gastric 
glands [336]. The overexpression of BHLH, a repressor of HES1, leads to an excessive 
endocrinal cell differentiation in the developing stomach, suggesting that HES1 plays a 
negative role on cell differentiation [117]. IL-8, HB-EGF, AREG, ADAM10 and ADAM 
17, which were all upregulated during an O. ostertagi infection, may also have a trophic 
effect on abomasal epithelial cells. Joh et al. (2005) proposed a model where the 
activation of ADAMs by IL-8 can result in the cleavage of HB-EGF precursor and the 
generation of HB-EGF ligand, which in turn can induce epithelial cell proliferation 
[337].  
It is also tempting to correlate the hyperplastic changes induced by O. ostertagi 
with the increased levels of inflammatory factors. It has been reported that IL-1β 
stimulates gastric cell proliferation in vitro [338, 339]. Furthermore, previous studies 
conducted in mice revealed that overexpression of IL-1β and PGE2, which is a 
metabolic product of COX-2, caused an increase of gastric epithelial cell proliferation 
[112, 326]. On the other hand, it is also possible that an increase of gastrin secretion 
reported in several studies [143, 340] could play a key role in triggering the observed 
hyperplastic changes by regulating the pathways discussed above. For example, it has 
been reported that INS-GAS transgenic mice overexpressing gastrin have a thickened 
hyperplastic mucosa [341].  
In addition to the impact of gastrin on epithelial cell proliferation, the 
hypergastrinemia has also been associated with a marked decrease of parietal cell 
numbers in INS-GAS mice [341]. This might explain the parietal cell loss observed 
after an infection with O. ostertagi for a long period of time. Previous studies revealed 
that ostertagiosis resulted in a marked reduction of abomasal acid production [29, 130, 
325, 342], associated with the emergence of adult worms from the fundic mucosa [325]. 
A similar effect on acid secretion was also observed only a few hours after the 
transplantation of adult T. circumcincta and O. ostertagi in the abomasum of naïve 
animals [29, 144]. Furthermore, transplantation of T. circumcincta adult worms, which 
were prevented from mucosal contact, lead to reduced abomasal acid output also within 
a few hours [329]. Our study showed that the emergence of adult worms in the 
abomasum was not accompanied with a significant disappearance of parietal cells, 
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suggesting that the rapid increase of the gastric pH, which is associated with the 
emergence of adult abomasal nematodes, is more likely due to the inhibition of parietal 
cell function rather than a reduction in parietal cell numbers. 
Our data indicated that ESPs produced by adult O. ostertagi could be implicated 
in the inhibition of gastric acid secretion. The incubation of parietal cells with adult 
ESPs resulted in an inhibition of their activity. Furthermore, heat treatment of adult ESP 
resulted in the abolishment of the inhibitory effect, suggesting that the impairment of 
acid secretion is mediated by worm secreted/excreted protein requiring an adequate 
folding to mediate its effect. Previously, Merkelbach et al. (2002) showed that adult 
ESP of H. contortus inhibited acid production in histamine stimulated rabbit gastric 
glands. The inhibitory effect was attributed to the presence of ammonia in adult ESP 
[167]. However, the authors did not investigate the impact of high molecular weight 
products on acid secretion. Our data also revealed that exposure of parietal cells to adult 
ESPs for a short period of time did not impair the histaminergic stimulation of parietal 
cells. A direct inactivation of the histamine receptor with O. ostertagi ESPs through a 
competitive antagonism would have resulted in a rapid inhibition of acid secretion. 
Therefore, the observed inhibitory effect of adult ESPs is probably not mediated by a 
direct interaction of ESPs with the histamine receptor. Previous studies revealed that the 
activation of the histamine receptor in parietal cells results successively in increased 
levels of cytoplasmic cAMP, activation of protein kinase A (PKA) and the 
reorganization of the cytoskeleton, leading to the formation of secretory canaliculi. We 
found that adult ESPs was able to reduce acid secretion in cAMP-stimulated parietal 
cells, suggesting that the inhibition of parietal cells by O. ostertagi ESP was not 
triggered at the cAMP generation level by the histamine receptor. Therefore, the 
molecular site of parietal cell inhibition by adult ESPs should be at the level of the 
downstream effectors involved in the formation of secretory vacuoles.  
The marked increase in IL-β1 and COX-2 expression associated with the 
presence of the adult stage worms might also explain the rapid increase of abomasal pH. 
Our data showed that adult ESPs induced the production of IL-β1 and COX-2 in 
epithelial cells, suggesting that adult ESPs might inhibit parietal cell activity by 
inducing inflammatory cytokine production in mucous epithelial cells. Previous reports 
have demonstrated that the inflammatory factors such as IL-β1, TNFα and PGE2 are 
able to alter parietal cell function [96, 327]. IL-1β and TNFα have been shown to inhibit 
Chapter 3 	  
	   66 
both cholinergic and histaminergic stimulated rabbit parietal cells, while PGE2 can 
inhibit histamine-activated parietal cells through the inhibition of cAMP generation by 
Adenylate Cyclase following histamine stimulation. Interestingly, our data revealed that 
the mechanism of parietal cell inhibition by adult ESPs differs from those described 
above for the inflammatory factors, suggesting that both pathways can be active in the 
inhibition of parietal cells activity during an O. ostertagi infection.  
In the present study we used rabbit parietal cells as a model to investigate the 
impact of O. ostertagi ESP on gastric acid secretion. This was motivated by the fact 
that, unlike cultured rabbit parietal cells, bovine parietal cells were not responsive to 
histamine and carbachol stimulations. Previous attempts to obtain responsive gastric 
glands from sheep and cows were also not successful [167, 343]. Dispersed bovine 
gastric glands were insensitive to histamine, however they were stimulated by dbcAMP 
treatment [343]. In our hands, cultured bovine parietal cells did not show any 
morphological feature of activation following histamine and carbachol stimulation as 
well as dbcAMP treatment (data not shown). In the same manner Merkelbach et al. have 
demonstrated that sheep gastric glands were insensitive to histamine stimulation and 
subsequently they were not suitable to investigate the impact of the worm products on 
acid production [167]. Despite the unresponsiveness of ruminant parietal cells in vitro to 
the common secretagogues, subcutaneous injection of histamine and carbachol induces 
a decrease in pH in sheep abomasum. Furthermore, administration of cimetidine and 
atropine, which are respectively antagonists of histamine and carbachol, blocks the acid 
secretion in sheep [130]. This suggests that similarly to monogastric species, the acid 
secretion is mediated by histamine and carbachol stimulation in ruminants. The absence 
of a bovine parietal cell response in vitro might be due to the inadequacy of the isolation 
and culture protocol for ruminant species.  
In conclusion, this study revealed that adult O. ostertagi is responsible for 
marked mucosal cell hyperplasia associated with alteration of several signaling 
pathways involved in the maintenance of gastric epithelial cell homeostasis. Parietal cell 
numbers were only decreasing after prolonged infection but their function can be 
inhibited by adult worm ESPs during the early stage of a primary infection. 
Furthermore, our data showed that the mucosal cell hyperplasia and the impairment of 
parietal cell function could be triggered by the upregulation of inflammatory factors 
which are in turn partly induced by adult ESPs.  
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4.1. Introduction 
Despite the advances made in our understanding of the immune response 
induced by O. ostertagi, very few data are still available on the early dynamic changes 
of cytokines at the mucosal level. To date, most research was focused on the classical 
Th1 and Th2-type cytokines following single infections. However, several studies, 
mainly conducted in mice models, have shown that epithelial derived cytokines play a 
key role in the initiation of the protective immune response against several parasites 
[344]. Furthermore, it has been demonstrated that the cytokines controlling the 
expansion and the function of Th17, Treg and alternatively activated macrophages, also 
play an important role in the immunobiology of parasitic infections [345]. Moreover, 
recent reports have suggested that the cytotoxic factors granulysin, perforin and 
granzyme B are putative protective effectors against abomasal nematode infections 
[133, 263]. These cytotoxic factors can be produced by globule leukocytes [263], T 
cytotoxic lymphocytes and Natural Killer (NK) cells [346]. The relative contributions of 
the cell subsets described above and the role of the cytokines controlling their expansion 
during the course of an O. ostertagi infection remain to be defined.  
Therefore, the purpose of the current study was to analyse the dynamic 
transcriptional changes of a large panel of genes involved in the differentiation and the 
function of eosinophils, mast cells, alternatively activated macrophages, Th1, Th2, Th9, 
Th17, Treg, γδ-T and NK cells following both single and trickle infections with O. 
ostertagi.  
4.2. Material and methods 
4.2.1. Infection trial and tissue collection 
The experimental design has been described in chapter 3 (paragraph 3.2.1).  
4.2.2. RNA extraction, cDNA synthesis and quantitative Real-time PCR 
RNA extraction, cDNA synthesis and quantitative Real-time PCR were performed 
according to the procedure described in chapter 2 (paragraphs 2.2.2 and 2.2.4). Primer 
sequences and melting temperatures are shown in supplementary Table 1. 
Quantification of gene expression was obtained by transforming the Ct values into 
relative quantities (Chapter 2, paragraph 2.2.4). Gene expression was evaluated based 
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on fold changes in gene transcription levels at different time points during the infection 
compared to the negative control animals. This was done by calculating the ratios of 
individual relative quantities on the geometric means of relative values of the control 
samples. 
4.2.3. Histology 
Tissue specimens were fixed in formaldehyde and embedded in paraffin. For 
routine evaluation of gastric architecture and immune cell infiltration 8µm thick tissue 
sections were stained with hematoxylin and eosin. Tissue sections were stained with 
toluidine blue and Sirius red for mast cells and eosinophil counts respectively. Cells 
were counted in 10 fields (600X) randomly selected from one section per animal. 
4.2.4. Statistical analysis 
Statistical analysis was performed using GraphPad Prism software. The resulting 
data were analyzed using a nonparametric Kruskal-Wallis test followed by Dunn’s 
multiple comparison tests. A P-value of < 0.05 was considered as statistically 
significant.	  
4.3. Results 
Hematoxylin and eosin staining of the fundic mucosa showed the presence of 
moderate to marked gastritis accompanied with the infiltration of lymphocytes and the 
presence of lymphoid aggregates in the lamina propria in both single and trickle 
infected animals (Figure 4.1).  
Eosinophil and mast cell counts increased significantly in naturally infected animals (60 
DPE) compared to the uninfected group. A trend but not a significant increase of 
eosinophil and mast cell numbers was observed at 21 days following a single infection 
(21 DPI) and at 60 DPI in animals receiving an artificial trickle challenge (Table 1).  
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Table 4.1 
Eosinophil and mast cell counts in abomasal mucosa following O. ostertagi 
infection (mean ± SEM). 
 	  
	  
Single experimental 
infection 
trickle experimental 
infection Natural infection 	  	   Uninfected 21 DPI 60 DPI 60 DPE 
Mast cells  66.5±12.58 110.67±17.39 128.67±8.15 227±21.1* 
Eosinophils 57.75±4.13 83±8.26 104.17±5.77 311±46.34* 
 
*p value ≤ 0.05 uninfected animals vs. infected animals 
 
 
         
Figure 4.1. Representative histologic appearance of abomasal fundic mucosa 
following O. ostertagi infections. Hematoxylin eosin staining of fundic mucosa shows 
the presence of moderate to marked gastritis in infected animals accompanied with 
lymphocytes infiltration (Asterisk) and the presence of lymphoid aggregates 
(arrowhead) in the lamina propria. UNINF: uninfected. DPI: days post infection. DPE: 
days post exposure (Scale bar = 100 µm)	  
 
 
 
UNINF 21DPI 
60DPE 60DPI 
!
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The results of the transcriptional analyses, shown in Table 4.2, revealed that the 
emergence of adult worms following a single experimental infection was accompanied 
with a marked upregulation of several immune-related genes at 24 DPI. The expression 
levels of Th1 (INFγ) and Th2 type cytokines (IL-4, IL-9, IL-10 and IL-13) were 
significantly increased at 24 DPI while the Th2 type cytokine IL-5 was not impacted. In 
contrast, the Th1 type cytokine IL-18 was upregulated from 6 DPI onwards, while the 
expression levels of the Th2 type cytokine IL-10 were significantly increased at 9 and 
24 DPI. Furthermore, TBX21 and GATA-3, transcription factors that promote the 
expression of Th1 and Th2 cytokines respectively, were also significantly upregulated 
at 24 DPI. Moreover, the epithelial derived cytokine IL33 was significantly upregulated 
throughout the infection, when TSLP, another promoter of a Th2 type response, was not 
impacted by a single infection.  
In addition to the typical Th1 and Th2 type cytokines, transcript levels of IL-17 
were strongly upregulated at 24 DPI following a single challenge, while transcript levels 
of IL-23 and RORC, which both control Th17 differentiation, were not significantly 
changed. IL-6 and IL-21, which are also known to be implicated in the differentiation of 
Th17 cell populations, were significantly upregulated by a single infection at 24 DPI. 
FOXP-3, which is involved in the differentiation of the immuno-suppressor Treg cell 
population, was upregulated from 9 DPI onwards, while TGFβ the main effector of 
Treg function was only significantly increased at 24 DPI. ARG1 mRNAs levels, likely 
produced by alternatively activated macrophages were not affected. In addition, the 
constant region of the T cell receptor delta (TRDC), the mast cell chymase 1 (CMA1), 
the chemokine (C-C motif) receptor 3 (CCR3) and natural cytotoxicity triggering 
receptor 1 (NCR1), which are expressed by γδ T cells, mast cells, eosinophils and NK 
cells respectively, were significantly upregulated at day 24. Transcriptional levels of IL-
15, which is known to induce the expansion of NK and T cells, were significantly 
upregulated at 24DPI. Similarly, the cytotoxic factors GNLY. GZMB and PRF1 were 
significantly upregulated on day 24 of infection. Finally, IL-12, IL-22 and IL-25 mRNA 
levels were all under the detection limit.  
Analysis of cytokine transcription in animals receiving a natural infection for 60 
days revealed a similar trend as observed at 24 DPI following a single challenge, except 
for TBX21, GATA-3, IL-33, FOXP-3, IL-6, IL-21, GATA-3, TRDC and NCR1, which 
were not impacted. In contrast, ARG1 was significantly upregulated at 60 DPE.  
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Table 4.2 
Transcription levels of immune-related genes following O. ostertagi infection (mean 
fold change compared to uninfected calves ± SEM) 
 
	  
Single infection   Trickle infection 
  Experimental   Experimental   Natural  
Gene 6DPI 9DPI 24DPI   60DPI   60DPE 
	   	   	   	   	   	   	   	  INFγ  3.49±1.56 8.59±5.37 19.7±6.36** 
	  
4.71±1.24 
	  
7.66±1.42* 
IL-12 ND ND ND 
	  
ND 
	  
ND 
TBX21 1.7±0.23 1.83±0.3 4.06±1.16* 
	  
1.61±0.25 
	  
1.32±0.28 
IL-18 3.82±1.17* 3.2±0.49* 7.12±2.43** 
	  
2.18±0.39 
	  
4.8±0.94** 
	   	   	   	   	   	   	   	  IL-4 2.92±1.18 10.79±4.59 44.03±10.41** 
	  
3.51±0.8 
	  
10.14±2.55* 
IL-5 1.05±0.14 0.78±0.07 1.77±0.26 
	  
1.66±0.30 
	  
1.55±0.12 
IL-9 ND ND Induced 
	  
Induced 
	  
Induced 
IL-13 2.81±0.77 4.87±1.41 20.22±2.55*** 
	  
1.83±0.18 
	  
5.18±0.77* 
GATA-3 1.58±0.17 1.44±0.13 3.57±0.33* 
	  
1.23±0.22 
	  
1.08±0.16 
IL-25 ND ND ND 
	  
ND 
	  
ND 
IL-33 4.79±1.01 6.43±2.81 15.87±3.42*** 
	  
1.92±0.23 
	  
3.95±1.11 
TSLP 1.35±0.34 2.07±1.13 2.07±0.2 
	  
1.32±0.09 
	  
1.37±0.21 
IL-10 3.47±1.07 5.36±3.14* 13.16±4.12** 
	  
3.76±0.97 
	  
3.99±0.94* 
	   	   	   	   	   	   	   	  TGFβ  1.24±0.04 1.25±0.18 2.67±0.32** 
	  
2.02±0.24* 
	  
1.98±0.28* 
FOXP-3 2.33±0.23 3.05±0.77* 5.21±1.06*** 
	  
1.80±0.12 
	  
2.07±0.33 
ARG1 5.47±1.99 6.62±3.75 4.39±1.16 
	  
12.07±3.99* 
	  
10.72±1.03** 
	   	   	   	   	   	   	   	  IL-17 1.94±1.08 1.83±0.83 62.83±48.23* 
	  
7.23±1.77** 
	  
7.45±4.12* 
IL-6 2.3±1.13 2.93±0.5 23.21±8.06** 
	  
2.49±0.66 
	  
3.45±1.35 
IL-21 3.36±1.63 5.92±2.9 10.5±1.9** 
	  
2.09±0.39 
	  
2.12±0.42 
IL-23 1.88±0.67 1.79±0.29 2.02±0.48 
	  
1.18±0.14 
	  
1.81±0.18 
RORC 1.47±0.34 1.31±0.26 0.97±0.12 
	  
1.00±0.06 
	  
1.73±0.28 
IL-22 ND ND ND 
	  
ND 
	  
ND 
	   	   	   	   	   	   	   	  CCR3 2.86±0.74 5.24±1.25 13.14±2.84** 
	  
1.69±0.31 
	  
8.41±2.88* 
CMA1 2.82±0.42 5.06±1.59 13.41±3.33*** 
	  
2.24±0.21 
	  
4.87±0.3* 
TRDC 2.46±0.44 4.50±1.41 6.40±4.91* 
	  
4.57±1.95* 
	  
3.10±0.61 
NCR1 1.48±0.54 1.89±0.58 4.62±1.77* 
	  
0.61±0.12 
	  
0.52±0.11	   
	   	   	   	   	   	   	   	  IL-15 2.42±0.76 2.06±0.33 3.39±0.7* 
	  
2.16±0.30* 
	  
3.19±0.26* 
    
	  
 
	  
 
GNLY 1.47±0.22 12.78±6.45 15.09±7.50 * 
	  
5.30±0.56 
	  
11.77±1.87 ** 
GZMB 1.67±0.15 8.39±2.80 17.41±5.69 ** 
	  
6.00±1.13 
	  
8.12±0.55 * 
PRF1 1.57±0.25 3.17±1.48 8.45±2.98 ** 
	  
3.02±0.55 
	  
3.52±0.42 * 
	   	   	   	   	   	   	   	  ND : not detected 
*p value ≤ 0.05 uninfected animals vs. infected animals 
** p value ≤ 0.01 uninfected animals vs. infected animals 
*** p value ≤ 0.001 uninfected animals vs. infected animals 
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Concerning the animals, which have been infected artificially by a trickle challenge, 
only TGFβ, ARG1, IL-15, IL-17 and TRDC were significantly upregulated at 60 DPI. 
4.4. Discussion 
The present study aimed to investigate the early kinetic changes of mucosal 
immune related-gene expression, corresponding to the different parasitic life stages of 
O. ostertagi infection and to determine how these changes evolve after several weeks of 
trickle (natural and artificial) infections. In line with previous observations, our data 
revealed that O. ostertagi infections induce an early gastritis and massive lymphocytic 
infiltration of the abomasal mucosa [179, 180]. Analysis of the cytokine transcription 
patterns revealed that the emergence of adult worms elicits a marked mucosal immune 
response characterized by the upregulations of the Th1 and Th2 type cytokines INFγ, 
IL-18, IL-4, IL-10 and IL-13 at 24DPI. This observation is in line with previously 
published data [191-193]. Whether these cytokines are actually produced by Th1 and 
Th2 type T cells or by their innate lymphoid counterparts [188] is still unclear and 
requires further research. Th1 responses have previously been associated with 
susceptibility to gastrointestinal nematode infections. McClure et al. have demonstrated 
that a prolonged neutralization of INFγ in sheep lead to a significant protection against 
Trichostrongylus colubriformis [194]. In addition, it has been shown that resistance 
against Haemonchus placei in cattle is mediated by a Th2 response, while susceptibility 
is correlated with the development of a Th1 response [195]. Similarly, Li et al found 
that the establishment of protective immunity after multiple drug-attenuated O. 
ostertagi infections was associated with high expression levels of IL-4 but not INFγ 
following an O. ostertagi challenge [196]. Furthermore, transcriptional analysis of 
abomasal cytokines revealed that experimental infection with T. circumcincta elicited a 
switch from Th1 to Th2 cytokines in the abomasum of experimentally infected sheep at 
7 or 21 days post infection depending on the susceptibility status of animals [197]. 
These observations are somewhat in contrast with the data presented here where Th1 
and Th2 cytokines showed a simultaneous and persistent transcriptional upregulation 
even after two months of continuous exposure. It is possible that a shift to an exclusive 
Th2 response still occurs later on in the infection, when resistance against O. ostertagi 
further develops. 
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Intriguingly, despite the strong increase of Th2 –type cytokines expression, the 
expression levels of the epithelial derived cytokines IL-25 and TSLP, which are known 
to play a crucial role in the initiation of a protective Th2 response against helminth 
infections,	  were not affected by an O. ostertagi infection. In contrast, IL-33, another 
epithelial derived cytokine known to trigger Th2 response following nematode 
infections [347] was increased after the emergence of adult worms.  
It is generally accepted that the Th-2 type responses elicited by gastrointestinal 
nematode are associated with eosinophilia and mast cell hyperplasia [170, 348]. The 
current study supports this prior statement since O. ostertagi infections leads to a trend 
toward increased numbers of the mucosal mast cells and eosinophils. It is worth noting 
that this observation must be interpreted with caution because of the limited numbers of 
time points and animals used in our study. It is possible that a significant increase of 
mast cell and eosinophil cell counts could occur after 24 DPI. Furthermore, the 
difference of intensity in term of mucosal mastocytosis and eosinophilia between the 
natural and experimental trickle infections is likely due to the substantial difference in 
worm burden.  
Development, mobilization and function of eosinophils is controlled by different 
factors such as IL-5 and Eotaxin which acts through the CCR 3 receptor [349]. Our data 
showed that the mucosal eosinophilia was associated with the upregulation of CCR3, 
but the expression levels of IL5 were unchanged throughout the infection. Our data also 
revealed that the increase of mucosal mast cells was associated with high expression 
levels of the mast cell marker (CMA1). Interestingly, the increase of CMA1 expression 
was accompanied with the upregulation of the cytotoxic factors granulysin, perforin and 
granzyme B. Recently, Van Meulder et al. found that granzyme B and granulysin levels 
were increased in calves immunized against O. ostertagi and that these levels were 
positively correlated with the levels of CMA1 [263]. As granulysin was detected in the 
mucus and in globule leucocytes, which are likely originating from mast cells, the 
authors suggested that granule exocytosis might play a key role in the protection 
mechanism against abomasal nematodes [263]. Interestingly, in the present study, 
granzyme B and granulysin levels were already increased early in the infection (24 
DPI), long before protective immunity is observed. It is possible that the early increase 
of these cytotoxic factors is not high enough yet to confer protection against the O. 
ostertagi infection.  
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Interestingly, our data revealed that O. ostertagi infections are associated with 
the induction of IL-9 expression. Production of IL-9 was initially attributed to Th2 cell 
subset [220], while mounting evidence now suggests that IL-9 can also be produced by 
Th17 cell subsets [221], mast cells [222] and a distinct T cell population referred to as 
Th9 [350]. IL-9 seems to play an important protective role against intestinal nematode 
infections as transgenic mice, overexpressing IL-9, show an increased clearance of T. 
muris [351] and Trichinella spiralis [219], whereas anti-IL-9 vaccination results in an 
impaired immunity against T. muris [352]. 
In addition to the upregulation of Th1 and Th2-type cytokines, our data showed 
for the first time that an O. ostertagi infection is also accompanied with a high increase 
of IL-17 transcript levels. IL-17 has been described as the main inflammatory cytokine 
produced by Th17 cell populations [353] as well as their innate lymphoid cells 
counterparts [188] and has shown to play a crucial role in the responses against some 
extracellular parasites [354]. Previous studies conducted in humans and rodents 
revealed that the differentiation of a Th17 cell subset is regulated by different factors 
such as TGFβ, IL-6, IL-21, IL-23 and RORC [353], all of which, except for RORC and 
IL-23, were also significantly increased in the infected cattle. The upregulation of IL-17 
has previously been associated with a marked immunopathology during helminth 
infections in mice [214, 217, 355]. This is in agreement with our histological 
observations, which showed that an O. ostertagi infection triggered a marked mucosal 
inflammation. As shown in Chapter 2, O. ostertagi infection was also associated with a 
marked upregulation of other inflammatory factors such as IL-1β, IL-8 and COX-2. Li et 
al suggested that calves that are able to maintain a local inflammatory response are 
likely to be more resistant against an O. ostertagi infection [308]. On the other hand, it 
has been demonstrated that the neutralization of IL-17 in mice leads to the reduction of 
hepatic inflammatory lesions [356] and a partial protection against Schistosoma 
japonicum [357], suggesting a negative role of IL-17 on the establishment of protective 
immunity. Thus, it is also possible that the observed upregulation of IL-17 is involved in 
the prolonged susceptibility of calves to abomasal ostertagiosis. 
Our data also demonstrates that O. ostertagi infection leads to an increase in 
expression level of the T lymphocyte γδ receptor. This is in accordance with previous 
reports where the number of γδ T cells was increased during abomasal nematode 
infections [179, 244]. The role of γδ T cells in nematode infections remains unclear. 
Gonzalez et al. (2011) suggested that γδ T cells might play an important role in reducing 
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the fecundity of H. contortus females [358], whereas, the depletion of Tcrγδ cells 
actually improved the efficiency of the immune response against T. colubriformis [194]. 
It has been also suggested that the increase of INFγ recorded following an O. ostertagi 
infection is associated with the increase of γδ T cells [192]. However, Hoek et al. 
suggested that Treg cell function in cattle is mediated by γδ T cells rather than FOXP-3 
cells, as shown by the expression of IL-10 [238]. Our data indicated that O. ostertagi 
infection induced a marked upregulation of FOXP-3 as well as the immune-suppressors 
IL-10, TGFβ and ARG1. Gómez-Muñoz et al found that L4 soluble extracts induced a 
significant upregulation of IL-10 and TGFβ in bovine lymphocytes, while our time 
course study revealed that the presence of the L4 parasitic stage was not associated with 
a significant increase of these cytokines [236]. Regardless of their origin, the 
upregulation of these immune-suppressors, which can be initiated in order to temper the 
harmful effect of prolonged exposure to inflammatory factors, might be involved in the 
immunosuppression and the persistence of the infection for a long period of time [347]. 
Apart from the observed changes within T cell subsets, our study also revealed 
that the emergence of adult worms leads to an upregulation of NCR1, suggesting an 
increased number of mucosal NK cells. This increase was associated with the 
upregulation of IL-15 and IL-21, which have been shown to play an important role in 
the expansion of NK and T cells [359-361]. Little is known about the implication of NK 
cells in the immune protection against abomasal nematodes, but NK cells were 
associated with increased levels of INFγ and a memory response against an 
experimental O. ostertagi vaccine in calves [362].  
In conclusion, the present study showed that bovine ostertagiosis induces a 
marked immune response at the mucosal level, which is characterized by the 
upregulation of Th1/Th2 type cytokines, IL-17, immune-suppressors as well as NK and 
γδ-T cell markers. Furthermore, O. ostertagi infection is associated with a trend toward 
increased numbers of mucosal mast cells and eosinophils. Further research using 
animals acquiring efficient protection after several months of exposure is needed to 
identify which immune mechanisms actually confer protection against abomasal O. 
ostertagi infection in calves. 
	  	  
 
 
 
 
 
 
 	  
 
 	  
 
 
 	  	  	  
Chapter 5: Pathophysiological and 
immunological changes induced in rabbit 
stomach by the nematode Graphidium strigosum  
 
 
Based on: Pathophysiological and immunological changes induced in rabbit stomach 
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5.1. Introduction 
Despite the advances in our knowledge of abomasal nematode pathogenesis, there 
are still some underlying mechanisms that are largely unknown, such as the origin of 
parietal cell loss, mucous cell hyperplasia and the persistence of infection for a long 
period of time. The major drawbacks of improving our understanding of abomasal 
nematode pathophysiology are the relatively high costs and the intensive labor inherent 
in carrying out experimental infections in ruminants. Previous attempts to establish a 
complete life cycle of abomasal nematodes in laboratory animals were unsuccessful. 
Infection of rabbits with the bovine abomasal parasite Ostertagia ostertagi showed that 
the development of the worms was arrested at the immature L4 stage [363]. This 
truncated life cycle was associated with gross nodular and hyperplastic lesions, 
resembling those observed in early stages of invaded abomasal mucosa [363]. 
Furthermore, the abomasal sheep parasite Haemonchus contortus failed to reach 
maturity in infected jirds [364]. These data show that these animal models are not 
permissive hosts for abomasal nematode infections rendering them not suitable to study 
the pathogenesis of abomasal trichostrongyles, which is largely associated with the 
presence of adult worms in the abomasum [329, 365].  
Alternatively, some published data suggest that Graphidium strigosum, a gastric 
nematode of rabbits, could be considered as a potential model to study abomasal 
nematode pathobiology. Similar to abomasal nematode infections, rabbits remain 
susceptible to G. strigosum infection for a long period of time suggesting that this 
parasite elicits a non-efficacious immune response, which only becomes effective after 
a few months [366]. From the morphological and biological point of view, it was 
suggested that G. strigosum was more closely related to the sheep nematode 
Teladorsagia than to Haemonchus [366, 367]. On the other hand, Cuqurella and Alunda 
found that G. strigosum soluble extracts share common epitopes with H. contortus but 
not with T. circumcincta [338]. Despite these characteristics, arguing for the 
resemblance of G. strigosum with abomasal nematodes, the limited amount of 
information on the pathobiology of G. strigosum represents a serious limit to consider 
the use of Graphidium as an appropriate model to study the pathology of abomasal 
nematode infections. Therefore, the aim of the current study was to investigate the 
pathophysiological alterations occurring following G. strigosum infection with a 
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particular emphasis on mucous- and parietal cells. In addition, immunological changes 
induced by G. strigosum infection in the gastric mucosa were investigated.  
5.2. Material and methods 
5.2.1. Experimental design and sample collection 
Twenty New Zealand white rabbits were randomly divided in four groups of 5 animals 
and fed with commercial pellets and water ad libitum. Five animals were kept 
uninfected as a negative control, while the remaining rabbits were challenged with 4250 
infective L3 larvae of G. strigosum and killed after 15, 45 and 90 days post infection 
(DPI) using a lethal dose of Numbutal (Ceva). All animals were 5 months old at the 
time of necropsy. The stomachs were opened along the major curvature and the pH of 
gastric contents was measured using a pH meter (Sartorius). The gastric content was 
subsequently collected and the stomachs washed to collect the worms. Worm counts 
were performed on both the washing solution as well as the gastric contents. Tissue 
specimens from the corpus area were collected, immediately snap frozen in liquid 
nitrogen and stored at -80°C until transcriptional analysis. In addition, 4 cm2 fundic 
tissue samples were fixed in formaldehyde solution and embedded in paraffin for 
histological analysis. 
 
5.2.2. RNA extraction, cDNA synthesis and quantitative Real-time PCR 
RNA extraction, cDNA synthesis and quantitative Real-time PCR were performed 
according to the procedure described in chapter 2 (paragraphs 2.2.2 and 2.2.4). The 
primers were designed using the Primer3 software (http://frodo.wi.mit. edu/primer3/) 
based on the gene sequences found in NCBI and ENSEBL data bases. Primer sequences 
and melting temperatures are shown in supplementary Table 2. Quantification of gene 
expression was obtained by transforming the Ct values into relative quantities (Chapter 
2, paragraph 2.2.4). Gene expression was evaluated based on fold changes in gene 
transcription levels at different time points during the infection compared to the 
negative control animals. This was done by calculating the ratios of individual relative 
quantities on the geometric means of relative values of the control samples. 
 
Pathophysiology and immunobiology of G. strigusum infection 	  
	  83 
5.2.3. Histology and immunohistochemistry 
For routine histological evaluation of mucosal morphology and immune cell infiltration, 
8 um thick fundic specimens were stained with hematoxylin and eosin. The gastric 
lesions were counted in 4 fields, randomly selected from one tissue section per animal. 
Acidic and neutral mucin production was revealed through pH 2.5 Alcian blue- periodic 
acid-Schiff (AB-PAS) staining. 
Immunohistochemistry was carried out as follows: 5µm successive tissue 
sections were deparaffinized in xylene, rehydrated in graded ethanol and rinsed in PBS. 
Sections were boiled in Antigen Retrieval Citra Microwave Solution and washed 
respectively in water and PBS. Sections were permeabilized in 2% bovine serum 
albumin (BSA), 0,3% TritonX-100 PBS for 15 minutes then blocked in 2% BSA- PBS. 
Tissue sections were incubated with mouse anti-ATP4B (Abcam) or rabbit anti-Ki-67 
IgG (Abcam) for 1 hour at room temperature. After a washing step with PBS, tissue 
specimens were	   incubated	   with	   Envision+system-HRP (Dako) for 30 min. Finally, 
sections were covered with DAB (Dako) for 5 minutes. Hematoxylin was used to 
counterstain the nuclei. Tissue sections were rehydrated in ethanol gradient and were 
mounted in DEPX mounting medium (VWR). The slides were observed using LEICA 
microscope.   
5.2.4. Statistical analysis  
Statistical analysis was carried out using GraphPad Prism software. Differences 
between the infected groups and uninfected animals were tested using a nonparametric 
Kruskal-Wallis test with Dunn’s multiple comparison post hoc tests. A P-value of < 0. 
05 was considered as significant. 
5.3. Results 
5.3.1. Gross physiological and histological alterations associated with G. strigosum 
infection  
The stomachs of infected animals contained respectively 83.6±18.76 L4 G. 
strigosum larvae at 15 DPI, 139.6±13.89 adults at 45 DPI and 144.8±8.01 adults at 90 
DPI. The majority of the worms were recovered from the fundic area and to a lesser 
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extent from the corpus. The measurement of the gastric pH revealed that G. strigosum 
infection did not impair the gastric acid production (Figure 5.1 A). 
 
 
 
Figure 5.1. Individual and mean values of the gastric pH in naive and infected rabbits 
with G. strigosum (A). Numbers of the focal gastric lesions, bearing dedifferentiated 
epithelial cells in the corpus of infected rabbits with G. strigosum (B). 
 
Macroscopically, the gastric mucosa of infected animals showed white raised 
nodules. Their number was higher in the fundic area compared to the corpus (Figure 5.1 
B). The histologic examination of these nodules did not show the presence of any 
histotrophic larvae. The nodular lesions corresponded to a focal epithelial cell 
dedifferentiation in the neck zone of the gastric glands (figure 5.2 A-C). The number of 
patches with dedifferentiated tissue were significantly increased at 45DPI and 90 DPI 
compared to 15DPI (Figure 5.1 B). Interestingly, the epithelial cell dedifferentiation 
was often associated with a significant focal cell infiltrate (Figure 5.2 E, 5.2 F) 
consisting mainly of mononuclear and polymorphonuclear cells (Figure 5.2 G)   
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Figure 5.2 . H&E staining of the gastric mucosa. Normal histology of the corpus in 
uninfected rabbits (A, D). Immune cell infiltration and epithelial cell dedifferentiation in 
the corpus (B, E) and the fundus (C, F) of infected rabbits with G. strigosum for 3 
months. Representative cell infiltrate in the lamina propria of infected rabbits (G). 
 
5.3.2. Impact of G. strigosum infection on parietal and mucous cells lineages 
ATP4B staining revealed that the G. strigosum infection induced a focal loss of 
parietal cells (figure 5.3 A-C) and their replacement by a hyperplastic cell population, as 
shown by Ki-67 staining (figure 5.3 D-F). The mucous cell hyperplasia was associated 
with an increased number of neutral mucin producing cells in the neck zone of the 
gastric glands as shown by AB-PAS staining (figure 5.3 H-I). Despite parietal cell loss, 
the transcriptional level of ATP4A was not significantly impacted by the G. strigosum 
infection (Table 5.1). In addition, the transcript levels of MUC1 and MUC5AC were 
unchanged following a G.strigosum challenge (Table 5.1). 
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Figure 5.3 Impact of G. strigosum infection on gastric mucosal cells. Representative 
pictures of the corpus sections stained for ATP4A (A-C), Ki-67 (D-F) and AB-PAS (G-
I), in naïve (A, D, G) and infected rabbits (B, C, E, F, H, I).  G. strigosum infection is 
associated with focal parietal cell loss, epithelial cell hyperplasia and extension of 
neutral mucin-producing cells 
 
 
 
 
 
!" !"
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Table 5.1. Transcription levels of immune-related genes and epithelial cell markers 
following G. strigosum infection (mean fold change compared to uninfected calves 
± SEM) 
 
 Gene 15DPI 45DPI 90DPI 
    IL-4 1.46±0.19 1.48±0,17 1.78±0,10* 
IL-5 ND ND ND 
IL-13 ND ND Induced 
IL-10 1.61±0.79 1.44±0.29 3.62±1.03* 
INFγ  ND ND ND 
COX-2 0.91±0.07 0.88±0.16 0.64±0.01 
TNFα  1.36±0.15 1.42±0.11 2.01±0.70 
IL1β  1.57±0.56 0.78±0.17 1.81±0.38 
IL-8 0.92±0.17 0.83±0.21 1.14±0.27 
CMA1 3.71±0.88 3.6±1,10 7.34±1.86* 
    ATP4A 1.42±0.26 0.76±0.16 1±0.12 
MUC5AC 1.73±0.52 0.76±0.13 0.53±0.08 
MUC1 1.62±0.09 1.44±0.15 1.26±0.27 
ND : not detected 
*p value ≤ 0.05 uninfected animals vs. infected animals 
 
5.3.3. Immunological changes induced by G. strigosum infection. 
The results of the transcriptional analyses, shown in Table 5.1, revealed that the 
G. strigosum infection elicited a weak but significant upregulation of the Th2 type 
cytokines IL-4, IL-10 at 90 DPI. Similarly, the expression level of the mast cell marker 
CMA1 was also significantly higher at 90DPI compared to the uninfected animals. In 
addition, IL-13 was only expressed at 90 DPI, while the expression of IL-13 was under 
the detection limit in the other groups. By contrast, the transcripts of the Th1 type 
cytokine INFγ and the immunosupressor TGFβ were under the detection limit 
throughout the infection, while the transcript levels of the proinflammatory factors IL-
1β, IL-8, TNFα and COX-2 were not impacted by the infection. 
5.4. Discussion 
The present study aimed to investigate the pathophysiological and immunological 
changes induced by G. strigosum at the mucosal level and to determine the existing 
analogies and differences with abomasal nematode infections in ruminant species.  
Our data revealed that a G. strigosum infection results in nodular and focal 
pathology resembling the mucosal lesions described during the early invasion of the 
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gastric glands by abomasal nematodes [126, 128]. Nonetheless, the observed nodules 
were not associated with the presence of invading G. strigosum larvae. This suggests 
the absence of a histotrophic stage during the G. strigosum life cycle. Furthermore, the 
mucosal lesions, induced by G. strigosum were more pronounced in the fundic portion 
of the stomach. This spatial distribution of the mucosal lesions differs from those 
observed following abomasal nematode infections, which are homogeneously 
distributed throughout the fundic and the corpic mucosa [126, 128].  
In accordance with the observations described by Murphy et al. [366], we found 
that G. strigosum infection was associated with multifocal sites of cellular 
dedifferentiation, in which parietal cells were replaced by a hyperplastic cell population. 
Cellular hyperplasia and parietal cell loss have previously been described as the major 
morphological alterations characterizing abomasal nematode infections [126, 128, 368]. 
Nonetheless, the rabbit stomachs bear focal hyperplastic lesions whereas abomasal 
ostertagiosis results in generalized fundic hyperplasia leading to the thickening of the 
gastric mucosa [126, 128, 368]. Parietal cell loss during abomasal nematode infections 
has been associated with the reduction of acid secretion [126, 128, 368], however, 
unlike ruminant ostertagiosis, G. strigosum infection was not accompanied with an 
impairment of gastric acid secretion. Previous studies revealed that the increase of the 
gastric pH, following abomasal nematode infections, could also be attributed to the 
effect of parasite excretory/secretory products and host inflammatory factors on parietal 
cell function [167, 368]. The normal acidification of the gastric contents observed 
during G. strigosum infection might be due to the absence of the active inhibitory 
component in G. strigosum excretory/secretory products. Furthermore, the absence of a 
significant increase of inflammatory factors such as IL-1β, TNFα and PGE2, which are 
known to be potent inhibitors of parietal cell function [327, 369], might also explain the 
normal gastric pH values recorded in infected rabbits. Interestingly, the focal parietal 
cell loss and epithelial cell hyperplasia following G. strigosum infection were often 
associated with a substantial immune cell infiltration. Therefore, it is more likely that 
the mucosal cell changes, observed during G. strigosum infection, are triggered in the 
vicinity of the production site of inflammatory factors. Indeed, it has been shown that 
overexpression of IL-1β and PGE2, which is a metabolic product of COX-2, promote an 
increase of gastric cell proliferation and a marked parietal cell loss [112, 326]. 
Interestingly, our data also revealed that the cellular hyperplasia caused by G. strigosum 
infection, resulted in the extension of neutral mucins producing cells in the gastric 
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glands. This pattern of mucous production differs consistently from those observed 
following abomasal nematode infections, which are rather characterized by a massive 
extension of acidic mucin producing cells [128, 131]. 
Apart from the epithelial cell changes, G. strigosum also seems to induce a very 
weak adaptive immune response as suggested by the transcriptional analysis of several 
cytokines. Our data showed a late and weak increase of Th2 type cytokines after 90 
days of infection with the upregulation of IL-4 and IL-13 as well as the anti-
inflammatory cytokine IL10. Our data also revealed that the transcripts of the Th1 type 
cytokine INFγ were under the detection limit throughout the infection period. This is in 
contrast with previous observations where G. strigosum infection resulted in an 
upregulation of Th1 and Th2 type cytokines, as early as 15 days post infection [366]. 
This difference may be explained by the fact that our transcriptional analysis was 
restricted to the corpic mucosa, while in the study of Murphy et al., the analysis was 
rather performed on the fundic mucosa. Given the higher lymphocytic infiltration in the 
fundus compared to the corpus, it is likely that the expression levels of cytokines are 
higher in the former. Therefore, it would be interesting in the future to investigate the 
transcriptional changes of immune-related genes specifically in the fundic mucosa. In 
addition, it is also possible that a higher parasite load in the animals would result in a 
stronger adaptive immune response. However, it is interesting to note that despite the 
fact that a higher challenge infection was used in the current study compared to others 
[366, 370], the numbers of recovered worms were comparable with those obtained in a 
previous study [366], suggesting that this could be caused by a density-dependent 
constraint on the establishment rate [371]. 
Interestingly, G. strigosum infection was also accompanied with a significant 
upregulation of CMA1, which encodes for a protease produced by mast cells. It has been 
reported that the accumulation of mast cells and the release of mast cell protease was 
associated with the rejection of H. contortus and T. circumcincta in sheep [282-284]. In 
addition, a recent report revaeled that CMA1 was correlated with reduced O. ostertagi 
egg counts in immune calves [263]. In contrast, our data revealed that the increased 
expression of CMA1 did not influence the outcome of G. strigosum infection, as the 
number of worms was not reduced over time.  
In conclusion, his study shows that the immunological response and the physio-
morphological changes occurring in the gastric mucosa following G. strigosum 
infection differ significantly from those described for abomasal nematodes (Table.5.2). 
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Therefore, G. strigosum cannot be considered as an experimental model to investigate 
the pathobiology of gastric nematode infections in ruminant species. However, the G. 
strigosum-rabbit infection model might potentially be useful to investigate the 
immunomodulation caused by gastrointestinal nematode infections, resulting in long 
susceptibility of the host to the gastric nematode infections.  
 
Table 5.2. The similarities and the differences between O. ostertagi infections in 
cattle and G. strigosum infections in rabbits. 
G. strigosum O. ostertagi 
Similarities 
Persistence of the infection for a long period of 
time  
Persistence of the infection for a long period of 
time 
Development of nodular lesions Development of nodular lesions in the early stage of infection 
Upregulation of CMA1  Upregulation of CMA1  
Differences 
Adult worms are mainly found in the fundic area The adult worms are homogeneously distributed on the fundic and the corpic mucosa  
No evidence for the presence of infective larvae in 
the gastric glands 
Infective larvae develop within the abomasal 
glands 
Normal acidification of the gastric contents  Inhibition of gastric acid secretion 
Focal cell hyperplasia and parietal cell loss Diffused cell hyperpasia and parietal cell loss 
Upregulation of Th2 type cytokines A mixed upregulation of Th1 and Th2type cytokines  
Expression levels of IL-1β, COX-2 and IL-8 are 
not impacted  Upregulation of IL-1β, IL-8 and COX-2  
Extension of neutral mucins producing cells  Extension of acidic mucins producing cells  
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6.1 Conclusion 
The current work aimed to investigate some of the pathophysiological and the 
immunological changes occurring at the mucosal level during an O. ostertagi infection. 
The main findings of our study are summarized in Figure 6.1.  Our data suggests that 
the rapid abomasal achlorhydria, observed following the emergence of adult worms, is 
likely caused by a direct inhibitory effect of ESPs on acid secretion rather than a loss of 
mature parietal cells. Furthermore, our data showed that adult ESPs could also inhibit 
parietal cell activity by inducing the expression of the inflammatory factors IL-1β and 
COX-2 in epithelial cells. In parallel to the impaired secretory activity of parietal cells, 
we also found that O. ostertagi infection promotes abomasal cell proliferation through 
the activation of several signalling pathways including NOTCH, WNT, FGF and EGF. 
 
 
 
Figure 6.1. Schematic representation of the main findings concerning the parietal 
cell dysfunction, mucous cell hyperplasia and the mucosal immune response 
observed in Chapters 3 and 4 
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Apart from the impairment of the mucosal cell homeostasis and parietal cell 
function, we found that bovine ostertagiosis induces a marked early immune response at 
the mucosal level, which is characterized by the concomitant upregulation of Th1/Th2 
type cytokines, IL-17 and immune-suppressors. These changes were accompanied with 
increased expression levels of NK and γδ-T cell markers as well as the upregulation of 
some cytotoxic factors including GNLY, GZMB and PRF1. In addition to these 
transcriptional changes of immune-related genes, we also observed a trend toward 
increased counts of mucosal mast cells and eosinophils.  
In the following concluding paragraphs, the observations described above are further 
discussed in the light of the recent literature. The discussion focuses on the possible 
hypotheses and the future perspectives regarding the implication of the 
pathophysiological and immunological changes during an O. ostertagi infection. 
6.2 Inhibition of abomasal acid secretion: Friend or foe? 
The early studies of abomasal parasitism have shown that the abomasal 
nematodes share the ability to inhibit gastric acid secretion. As shown by our data, the 
development of the abomasal achlorhydria can be attributed to both host and pathogen 
factors. Nevertheless, the implication of reduced gastric acid secretion during abomasal 
nematode infections remains a subject of debate [124]. The inhibition of acid secretion 
has been suggested as a host defence mechanism. Indeed, Hall and Oddy found that the 
pharmacological inhibition of acid secretion with cimetidine resulted in 100% reduction 
of resident H. contortus and 70 % of T. circumcincta [372]. Nonetheless, although the 
pH values recorded in infected animals during this study were already at high levels (> 
6) before the cimetidine treatment, the authors did not observe any changes in worm 
burden among untreated animals [372]. Interestingly, Li et al showed that calves 
resistant to O. ostertagi infection are able to maintain a sustainable upregulation of 
inflammatory factors such as IL-1β [308]. Considering the inhibitory effect of IL-1β on 
acid production, it is possible that the protection against O. ostertagi infection, 
conferred by this inflammatory factor, is mediated by the reduction of abomasal acid 
secretion. Therefore, it would be of great interest to investigate the impact of IL1β on 
worm rejection by treating infected animals with anti-inflammatory products. On the 
other hand, the abomasal hypoacidity triggered by the parasite might also be an 
adaptation mechanism, developed by adult worms, in order to counteract the hostile 
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acidic environment. This is clearly supported by the fact that the survival of adult O. 
ostertagi is drastically hampered by acid pH [164]. This hypothesis is further 
strengthened by the study of Hertzberg et al. who showed the existence of a significant 
correlation between the gastric pH and the number of O. leptospicularis present in 
sheep abomasum [69]. In addition to the harmful effect of low pH on worm survival, a 
lower pepsinogen conversion in alkaline medium may also reduce the cuticle digestion. 
It is also possible that the luminal location of adult worms after the reduction of gastric 
acid secretion [69] prevents them from the contact with the immune effector molecules, 
which are mainly present in the mucous layer. Based on these assumptions, it is 
therefore possible to reduce worm burden by counteracting the inhibition of abomasal 
acid secretion. Based on our findings, this could be achieved by inhibiting inflammatory 
factors and by inactivating the inhibitory molecules produced by the worm through an 
immunization strategy. Nevertheless, the development of a cost effective immunization 
protocol requires a prior identification of the components present in the ESPs material 
that inhibit the parietal cell activity and induce the inflammatory response. Given the 
high heterogeneity of ESPs produced by the worms, a chromatographic protein 
fractionation will considerably reduce the size of the protein pool to be analyzed. Once 
the fractions of interest are identified, based on their ability to inhibit acid secretion and 
to induce the inflammatory factors in vitro, the exact nature of the protein species 
mediating the above-mentioned effects can be characterized using mass spectroscopy 
analysis.  
6.3 The origin and the implication of abomasal cell hyperplasia 
The origin of gastric cell hyperplasia upon abomasal nematode infections has 
been the subject of many speculations. Previous studies have shown that gastric cell 
hyperplasia is triggered by a variety of pathogens such as cytomegalovirus, 
Helicobacter felis, Helicobacter bizzozeronii, Taenia taeniaformis, H. contortus, T. 
circumcincta, Eimeria gilruthi and Cryptosporidium andersoni [128, 129, 373-378]. 
Our data showed that the emergence of adult O. ostertagi in the abomasum is associated 
with the development of a marked cell hyperplasia, which is likely caused by the 
activation of proliferating signals in the abomasal mucosa.  
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The inhibition of parietal cell function has been suggested to play a key role in 
promoting the impairment of mucosal cell homeostasis during abomasal nematode 
infections [124]. It has been shown that ablation of parietal cells in transgenic mice 
either by diphtheria toxin or by inactivating H+/K+ ATPase gene, results in marked 
enhancement of gastric cell proliferation [379, 380], which is likely due to the 
subsequent elevation of serum gastrin levels. Several studies have demonstrated that the 
hypergastrinemia observed in transgenic mice overexpressing gastrin, in tumors 
overexpressing gastrin and after a long inhibition of acid secretion, was associated with 
increased mucosal cell proliferation [381, 382]. Snider et al. postulated that the 
hypergastrinemia might be responsible for the gastric hyperplasia, as gastrin levels were 
correlated with the depth of the fundic glands during O. ostertagi and T. axei infections 
[383]. Although gastrin acts as a mitogen on cultured ECL cells [384], such effect was 
not observed during O. ostertagi and T. circumcincta infections [126, 128]. 
Furthermore, it has been reported that the proliferative cells of the gastric mucosa 
express gastrin receptor [385]. This finding suggests that the trophic activity of gastrin 
is likely mediated by a direct interaction with the progenitor cells. Our study showed 
that the cellular hyperplasia observed following an O. ostertagi infection is associated 
with the activation of NOTCH, WNT and FGF signalling pathways, which play an 
important role in the proliferation of gastric stem cells. However it is not clear whether 
the activation of these signalling pathways is mediated by gastrin or other factors. In 
addition to the direct effect of gastrin on gastric progenitor cells, our data revealed that 
abomasal cell hyperplasia occurred concomitantly with an upregulation of HB-EGF and 
amphiregulin. Several studies suggested that the trophic activity of gastrin is rather 
mediated indirectly by the stimulation of the EGF ligands heparin –binding growth 
factor and amphiregulin [386, 387]. In this regard, parietal cell loss and mucous cell 
hyperplasia were associated with an increased production of HB-EGF ligands in mice 
[341]. Scott et al have reported that abomasal parasitism is associated with increased 
expression of EGF in surface mucous cells [388]. In addition to the EGF peptides, the 
proinflammatory factor PGE2 is also involved in the gastrin-induced hyperplasia of the 
gastric mucosa [389]. On the other hand, the activation of the gastric innate immunity 
triggers epithelial cell proliferation via the upregulation of gastrin [390]. Moreover, IL-
1β can also be involved in the cellular hyperplasia by triggering directly epithelial cell 
proliferation. Beside the host factors, parasite ESPs have been proposed as putative 
candidates involved in the enhancement of gastric epithelial cell proliferation. In vitro 
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studies have shown that ESPs produced by different gastrointestinal nematodes, 
including abomasal parasites, induce a significant increase of epithelial cell proliferation 
[391-393]. Whether ESPs of O. ostertagi have a similar effect on abomasal epithelial 
cells remains to be defined. Therefore, it would be interesting to investigate the impact 
of O. ostertagi ESPs on the proliferation of cultured abomasal cells using a thymidine 
incorporation assay.  
To date, it is not clear whether the abomasal cell hyperplasia is triggered as 
defence mechanism against the invading abomasal nematodes. It is worth noting that the 
hyperplastic changes of gastric mucous cells are associated with drastic qualitative and 
quantitative changes in term of mucins production [131], which in turn lead to 
alterations of the rheological properties in the mucus layer. It has been suggested that 
these alterations observed in mucus composition following an O. ostertagi infection, 
may be related to an attempt of the host to eliminate the invading pathogens [131, 304]. 
This statement can be confirmed by using binding assays to investigate how the 
modification of mucous composition may impact the host-pathogen interaction. 
6.4 O. ostertagi elicit an early ineffective immune response 
Another interesting aspect of the current work was the investigation of the early 
transcriptional changes of the immune related genes in the light of the recent advances 
made in the area of parasite immunology. Our data revealed that O. ostertagi infection 
elicits an early immune response characterized by increased expression levels of Th1, 
Th2, Th9 and Th17 type cytokines. However, our study did not show the cellular source 
of these changes. Whether the expression of these cytokines is a direct consequence of 
an adaptive immune response mediated by T cell subsets or the result of the activation 
of other cell types, such as innate lymophoid cells remains, to be defined. The 
transcriptional analysis also revealed that the most important transcriptional changes 
following an O. ostertagi infection occurred following the emergence of adult worms 
and the subsequent increase of abomasal pH.  Previous studies have shown that the 
gastric achlorhydria is associated with increased numbers of viable bacteria in the 
abomasal juice [141, 147]. Hence, it is also possible that some of the immunological 
changes observed during O. ostertagi infections are triggered by the bacterial 
overgrowth. Therefore, it would be interesting to segregate the changes induced by the 
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worms from those triggered by the bacterial factors. This can be achieved by envisaging 
an antibiotic treatment in the experimental design.  
As discussed in chapter 4, the implication of these cytokines in worm rejection 
is still a subject of debate. Based on studies conducted in rodent models of intestinal 
nematode infections, it seems that Th2 responses have arisen as an evolutionary 
appropriate mechanism of host protection against helminth infection [394, 395]. By 
contrast, Th1 and Th17 responses are mainly associated with the development of severe 
immunopathology [394, 395]. Interestingly, in a recent review paper, Maizels and Allen 
suggested that during the evolution process, the infected hosts developed a balance in 
which the parasite is tolerated as long as the self-damage is minimized [394]. Such 
mechanism is likely mediated by regulatory cell subsets through the production of 
immunosuppressors such as TGFβ and IL-10 [394, 395]. This is in line with our 
findings, where these cytokines were upregulated following O. ostertagi infection. 
However, extrapolation of the data obtained from rodent models to ruminants should be 
done with caution, because of the substantial differences with ruminant biology. For 
example, the regulatory function which is largely mediated by the FOXP3 + cell subset 
in monogastric species, has been attributed to γδ T cells in ruminants [237-239]. This is 
in agreement with the observations reported by McClure et al who found that depletion 
of γδ T cells enhances protective immunity against T. colubriformis [194]. Therefore, 
there is a real need for a functional characterization of immune cells in ruminants for a 
better understanding of the host response against abomasal nematodes. Characterization 
of surface cell markers and the cytokine expression in the abomasal lymphocyte subsets 
and innate lymphoid cells, using a flow cytometry analysis, can provide a complete 
picture on the dynamics of the immune cells upon an O. ostertagi infection. 
Furthermore, the depletion of the immune cells and the neutralization of their main 
effectors will be necessary to unravel the putative protective mechanism of each cell 
subset.  
Apart from the transcriptional changes of immune-related genes, we found a 
trend toward increased numbers of mucosal mast cells and eosinophils following an O. 
ostertagi infection. Although the mucosal infiltration by esinophils and mast cells has 
been suggested to play an important role in protection against abomasal worms, the 
effector mechanisms remain unclear [171]. Intriguingly , it has been shown that ESPs 
from abomasal worms display an eosinophil chemotactic activity [272]. From an 
evolutionnary point of view, this observation is somewhat contradictory with the theory 
General discussion 	  
	  99 
that eosinophils are important for protection, as worms selection would not allow the 
conservation of such mechanism if eosinophils are detrimental for their survival. 
Concerning mast cells, several studies suggested that the protective role is likely 
mediated by the production of mast cell proteases and cytotoxic factors [263, 396]. Our 
data revealed that O. ostertagi infection elicits an upregulation of the mast cell protease 
CMA1 and cytotoxic factors including granulysin, perforin and granzyme B. However, 
as for all the immunological changes described above, this upregulation occurs long 
before the protective immunity become effective. Therefore, further investigations using 
immune animals, which have been exposed to the parasite for several months, are 
needed in order to determine the molecular mechanisms behind the establishment of 
protection against bovine ostertagiosis. Abomasal cannulation can be considered as a 
golden approach during a long term infection study as it enables repeated biopsies and 
fluid collection on the same animals, leading to reduced number of experimental 
animals required for infection trials. A preliminary study conducted in our laboratory 
has shown that an abomasal biopsy approach can be considered for histological and 
transcriptional analysis. Therefore, it is possible to identify the effector mechanisms 
conferring protection against O. ostertagi by performing a large-scale proteomic 
analysis or by carrying out a transcriptomic analysis by using RNA sequencing 
approach. Furthermore, immunostainings of tissue specimens can provide valuable 
information on the dynamic changes of immune cells leading to the establishment of an 
efficacious response against bovine ostertagiosis. 
6.5 The quest of a cheap infection model to improve our understanding 
of bovine ostertagiosis 
Performing infection trials with O. ostertagi in cattle is often hindered by the 
relatively expensive cost and the intensive labor. Therefore, in the last chapter, we 
evaluated the suitability of the rabbit nematode Graphidium strigosum as a laboratory 
model to study the pathophysiological and the immunological changes occurring at the 
gastric level upon abomasal nematode infections in ruminants. The outcome of this 
study was somehow disappointing as G. strigosum infection results in a focal pathology 
with normal gastric pH and a weak delayed immune response. Given the important role 
of worm ESPs in the pathogenesis of bovine ostertagiosis, it would be interesting to 
investigate the impact of G. strigosum ESPs on parietal cell function, on the production 
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of inflammatory factors and on epithelial proliferation. The difference between the 
pathophysiological changes induced by O. ostertagi and G. strigosum are likely due to 
the differences between the parasites rather than host biology. This is supported by the 
study of Russell et al. who showed that infection of rabbits with the gastric nematode 
Obeliscoides cuniculi results in a similar pattern of gastric pathology including 
thickened gastric mucosa, extensive mucous cell hyperplasia, massive inflammatory 
inflammation and increased gastric pH levels [397]. Unfortunately, this nematode, 
which naturally parasitizes the white cottontail rabbits in North America, is longer 
maintained in research labs. Similarly, the porcine gastric nematode Hyostrongylus 
rubidus, which is characterized by the development of glandular hyperplasia [398] and 
elevated gastric pH [399] has been almost eradicated in Europe. Alternatively, a 
preliminary study conducted in our laboratory on mice infected with the gastric 
nematode Protospirura muricola revealed some histological similarities with those 
observed during bovine ostertagiosis. The gastric mucosa of infected mice showed a 
massive infiltration with immune cells, an extensive foveolar hyperplasia and a discrete 
parietal cell loss. The advantage of this model lies in the possibility to use transgenic 
mice in order to unravel the implication of different host factors on the development of 
a gastric pathology. For example, the role of several factors such as gastrin, IL-1β, 
COX-2 and HB-EGF in the genesis of mucosal cell hyperplasia and parietal cell 
function can be investigated in infected knockout animals. Nonetheless, the use of P. 
muricola as a laboratory model is somewhat complicated as infection results in highly 
variable and unpredictable establishment of the parasite. Furthermore, P. muricola has a 
complex indirect life cycle that requires the passage through an intermediate host to 
become infective [400]. 
6.6 Concluding remarks 
The current study provides new insights into the pathophysiology and immunobiology 
of abomasal nematode infections. However, it also raises many questions, which need to 
be addressed in order to improve our comprehension of the pathobiology of bovine 
ostertagiosis. Whether the abomasal achlorhydria and the mucosal cell hyperplasia are 
host defense mechanisms or a result of an evolutionary adaptation induced by the 
parasite to counteract a hostile environment is still a matter of speculation. Furthermore, 
it is not clear yet whether the mucosal inflammatory response, which is at least partly 
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induced by the worm ESPs, is beneficial or detrimental for the host. A better 
understanding of these mechanisms will be crucial to determine if a therapy should 
target the parasite or the host factors. On the other hand, a better phenotypic and 
functional characterization of the bovine immune cells as well as their effector 
mechanisms is an essential prerequisite for a thorough understanding of the protective 
immune response against abomasal nematodes in cattle. Such knowledge is of great 
importance to develop effective immune-based therapeutic strategies.
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Supplementary table 1 List of bovine primers used for qRT-PCR analysis 
Gene Symbol  Gene full name Accession number Primer sequences Tm 
ACTB Actin, beta NM_173979.3 F: GACATCCGCAAGGACCTCTA 60 
  	   R: ACATCTGCTGGAAGGTGGAC 	  
  	   	   	  
ADAM10 A disintegrin and metallopeptidase  domain 10 NM_174496.2 F: AAACATGGCTTGGAGGAGTG 60 
  	   R: CCAGGTTGCAGGGTGATAGT 	  
  	   	   	  
ADAM17 A disintegrin and metallopeptidase  domain 17 XM_595713.4 F: GCATTCTGGTCCATTGTGTG 64 
  	   R: ACGTTACTGGGGTGGAACAG 	  
  	   	   	  
AQP4 Aquaporin 4  NM_181003.2 F: TAGGAGCTGTCCTTGCTGGT 60 
  	   R: CTGTTGTCCTCCACCTCCAT 	  
  	   	   	  
ATP4A ATPase, H+/K+ exchanging, alpha polypeptide NM_001144089.1 F: GATGTGGAGGCCATGAACTT 62 
  	   R: TTGAGCACAGCATCAGGAAC 	  
  	   	   	  
AREG Amphiregulin BC141281.1 F: TGGTCAGGACAGACGGATTC 60 
  	   R: GTCGATCACGGAGGACAGTT  	  
  	   	   	  
ARG1 Arginase 1 NM_001046154.1 F: GGCTGGTCTGCTTGAGAAAC 60 
  	   R: ACTTGCTTTTCCCACACACC 	  
  	   	   	  
B2M Beta-2 microglobulin NM_173893.3 F: AGACACCCACCAGAAGATGG 60 
  	   R: CAGGTCTGACTGCTCCGATT 	  
  	   	   	  
BMP4 Bone morphogenetic protein 4 NM_001045877.1 F: GCTTCCACCACGAAGAACAT 60 
  	   R: TACGATGAAAGCCCTGATCC 	  
  	   	   	  
CCKBR Cholecystokinin B receptor NM_007627.4 F: GGACAGACGGATTCCTACCA 62 
  	   R: GCCTCCTTTTCTGTGTGAGG 	  
  	   	   	  
CCR3 Chemokine (C-C motif) receptor 3  NM_001194960.1 F: TGTGTCAACCCCGTGATCTA 60 
  	   R: AGAGTTCCTGCTCCCCTGTT 	  
  	   	   	  
CMA1 Chymase 1, mast cell XM_001790075.1 F: AAGAAGGGACTTCGTGCTGA 60 
  	   R: ACATGATGTCGTGGAGACCA 	  
  	   	   	  
COX-2 Cyclooxygenase 2 NM_174445.2 F: GCCAGGAAGTCTTTGGTCTG 60 
  	   R: TCTGGAACAACTGCTCATCG 	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Gene Symbol  Gene full name Accession number Primer sequences Tm 
FGF10 Fibroblast growth factor 10 NM_001192165.1	   F: ATCAGTGTGGCAGTGGGACT 60	  
   R: GGCCAGTGTCTCCGTGTTTA  
     
FGF20 Fibroblast growth factor 20 NM_001192165.1 F: ATCAGTGTGGCAGTGGGACT 60 
   R: GGCCAGTGTCTCCGTGTTTA  
     
FOXP3 Forkhead box P3 NM_001045933.1 F: GACAGCACCCTTTCGACTGT 60 
  	   R: CTCCAGAGATTGCACCACCT 	  
  	   	   	  
GAPDHa Glyceraldehyde-3-phosphate dehydrogenase  NM_001034034.1 F: GGGTCATCATCTCTGCACCT 60 
  	   R: GGTCATAAGTCCCTCCACGA 	  
  	   	   	  
GAPDH Glyceraldehyde-3-phosphate dehydrogenase  NM_001034034.1 F: ACCCAGAAGACTGTGGATGG 60 
  	   R: CAACAGACACGTTGGGAGTG 	  
  	   	   	  
GATA3 GATA binding protein 3  NM_001076804.1 F: CATCACCACCTACCCACCAT 60 
  	   R: GCCCCACAGTTCACACACTC 	  
  	   	   	  
GIF Gastric intrinsic factor NM_001206239.1 F: ACCTAGATGTGCCCCAAGTG 60 
  	   R: GTGATGTTGGAGGCTGAGGT 	  
  	   	   	  
GNLY Granulysin NM_001075143.1 F: GATGAGGCTGCTGAAAGGTC 60 
  	   R:  GTGGAGGGAGTTTGGTGAGA 	  
  	   	   	  
GZMB Granzyme B  NM_174296.2 F: CATTGATTGATGTGGGGACA 60 
  	   R: TCTGGGATTTCTGGTTCAGG 	  
  	   	   	  
HDAC10 Histone deacetylase 10  NM_001075460.1 F: CCGATGACGGGAGAAATCTA 60 
  	   R: CTCAGGAACCCACCAGTTGT 	  
  	   	   	  
HDC Histidine decarboxylase  NM_001024551.1 F: GAAGAGGCTCCAGACGTCAC 62 
  	   R: GCCTTCCTCTTGTTCTGCAC 	  
  	   	   	  
HB-EGF Heparin-binding epidermal -growth factor  NM_001144090.1 F: CCCAGGTTATCACGGAGAGA 60 
  	   R: ATGAGAAGCCCCATGATGAC  	  
  	   	   	  
HES1 Hairy and enhancer of split 1 NM_001034678.1 F: CCAAAGACAGCATCTGAGCA 60 
  	   R: TTCCGGAGGTGTTTCACTGT 	  
  	   	   	  
HPRT1 Hypoxanthine phosphoribosyltransferase 1  NM_001034035.1 F: CACTGGGAAGACAATGCAGA 60 
  	   R: ACACTTCGAGGGGTCCTTTT 	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Gene Symbol  Gene full name Accession number Primer sequences Tm 
HRH2 Histamine receptor H2 XM_599517.2 F: CATCACCCTGTCCTTCCTGT 60 
   R: TGACCTGGACTTTGCACTTG  
     
IL-1β Interleukin 1, beta NM_174093.1 F: AAGGCTCTCCACCTCCTCTC 60 
  	   R: TTTGGGGTCTACTTCCTCCA	   	  
     
IL-4 Interleukin 4 NM_173921.2 F: GCGGACTTGACAGGAATCTC 64 
  	   R: TCAGCGTACTTGTGCTCGTC 	  
     
IL-5 Interleukin 5 NM_173922.1 F: TGGTGGCAGAGACCTTGACA 60 
  	   R:.TTCCCATCACCTATCAGCAGAGT 	  
  	   	   	  
IL-6 Interleukin 6 NM_173923.2 F: TCCTTGCTGCTTTCACACTC 60 
  	   R: CACCCCAGGCAGACTACTTC  
  	   	   	  
IL-8 Interleukin 8 NM_173925.2 F: GTTGCTCTCTTGGCAGCTTT 60 
  	   R: GGTGGAAAGGTGTGGAATGT 	  
  	   	   	  
IL-9 Interleukin 9 XM_864128.3 F: GCACGAGATTCCACCTGATT 60 
  	   R: ACTTTCCAGCAGAGCCTTCA 	  
  	   	   	  
IL-10 Interleukin 10 NM_174088.1 F: TGTATCCACTTGCCAACCAG 60 
  	   R: CAGCAGAGACTGGGTCAACA 	  
  	   	   	  
IL-12p35 Interleukin 12A NM_174355.1 F: GAGGCCTGTTTACCACTGGA 60 
  	   R:.CTCATAGATACTTCTAAGGCACAG 	  
  	   	   	  
IL-13 Interleukin 13 NM_174089.1 F: GGTGGCCTCACCTCCCCAAG  60 
  	   R: GATGACACTGCAGTTGGAGATGCTG  
  	   	   	  
IL-15 Interleukin 15 NM_174090.1 F: AGAGGCTGGCATTCATGTCT 60 
  	   R: CTGCATCGCTGTTACTTTGC  
  	   	   	  
IL-17 Interleukin 17 NM_001008412.1 F: GGACTCTCCACCGCAATGAG 60 
  	   R: TGGCCTCCCAGATCACAGA 	  
  	   	   	  
IL-18 Interleukin 18 NM_174091.2 F: AATGTCTACTCTCTCCTGTGAG 60 
  	   R: CATCATGTCCTGGAACACTTC 	  
  	   	   	  
IL-21 Interleukin 21 NM_198832.1 F: TGGTCATCTTCTCTGGGACA 60 
  	   R: TGACCGCTCACAGTGTCTCT 	  
  	   	   	  
IL-23 Interleukin 23 NM_001205688.1 F: CCCGTATCCAGTGTGAGGAT 60 
  	   R: AGTATGGAGGCGTGAAGCTG 	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Gene Symbol  Gene full name Accession number Primer sequences Tm 
IL-25 Interleukin 25 XM_605190.2	   F: GGCAGGAGCAGTTTTCTCAC 60	  
  	   R: CAAACAGAGGGTGTGGGTTC 	  
  	   	   	  
IL-33 Interleukin 33 NM_001075297.1 F: ACGTCCTCCCAGTGTGTTTC 60 
    	   R: TTGAATCCTCAGGGTGTTCC 	   
     
IFNγ Interferon, gamma NM_174086.1 F: TTCTTGAATGGCAGCTCTGA 60 
  	   R: TTCTCTTCGGCTTTCTGAGG 	  
     
KCNQ1 Potassium voltage-gated channel, subfamily Q, member 1 NM_001205441.1 F: TACTGTCCACCATCGAGCAG 60 
  	   R: TACTCCGTCCCGAAGAACAC 	  
  	   	   	  
NCR1 Natural cytotoxicity triggering receptor 1 NM_183365.1 F: CTGAGAGCGTGGGTGTATCA  64 
  	   R: CTGAGAGCGTGGGTGTATCA  	  
  	   	   	  
PRF1 Perforin 1 NM_001143735.1 F: CCCAAGCCAAATGCTAATGT 60 
  	   R: GGTTCCGTAGCTGGAGATGA 	  
  	   	   	  
PRLP0 Ribosomal protein, large, P0  NM_001012682.1 F:CTTCATTGTGGGAGCAGACA 60 
  	   R:GGCAACAGTTTCTCCAGAGC 	  
  	   	   	  
RORC RAR-related orphan receptor C  NM_001083451.1 F: CGACCAGATCGTGCTACTCA 60 
  	   R: TCATTGTCAGCGTTGTAGGC 	  
  	   	   	  
SDHA Succinate dehydrogenase complex, subunit A NM_174178.2 ACATGCAGAAGTCGATGCAG 60 
  	   R:GGTCTCCACCAGGTCAGTGT 	  
  	   	   	  
SHH Sonic hedgehog XM_614193.3 F: AGCAGTTTATCCCCAACGTG 60 
  	   R: TAAGGCGTTCAGCTTGTCCT 	  
  	   	   	  
TAF2 
RNA polymerase II, TATA box 
binding protein (TBP)-associated 
factor 
 BC147960.1 F:CATCTCCTGGAACCCAGAAA 60 
  	   R:GGCTGTTCTCCTCAATCTGC 	  
  	   	   	  
TGFβ Transforming growth factor, beta  NM_001166068.1 F: CTGCTGTGTTCGTCAGCTCT 60 
  	   R: TCCAGGCTCCAGATGTAAGG 	  
  	   	   	  
TNFα Tumor necrosis factor alfa NM_173966.2 F: GCCCTCTGGTTCAGACACTC 60 
  	   R: AGATGAGGTAAAGCCCGTCA 	  
  	   	   	  
TRDC T cell receptor delta, constant region  D90420.1 F: ACAAGCAAACCTGGCACTCT 60 
  	   R: GACACTCTTGGCAAACAGCA 	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Gene Symbol  Gene full name Accession number Primer sequences Tm 
TSLP Thymic stromal lymphopoietin XM_002691071.1 F: GAAAGCCATCGACTTTGACC 60 
   R: GTCAGGCTCTGGATTTTGCT  
     
TXNRD1 thioredoxin reductase 1 NM_174625.3 F:AATTGAAGCAGGGACACCAG 60 
  	   R:TCTCCTTCGATGGTTTGGTC 	  
     
UBE2D2 Ubiquitin-conjugating enzyme E2D 2 NM_001046496.1 F:AGCCAGTTCTCCAGGCATAA 60 
    	  	   R:TCTTCCCCATCCAAGAACAC 	  	  
  	   	   	  
WNT5A 
Wingless-type MMTV 
integration site family, member 
5A 
NM_001205971.1 F: CCTTCGCCCAGGTTGTAATA 60 
   	   R: CTGTCCTTGGGAAAGTCCTG 	  
     
18S rRNA 18S ribosomal RNA  AF176811 F: AGAAACGGCTACCACATCCA 60 
  	   R: CACCAGACTTGCCCTCCA 	  
  	   	   	  
28s rRNA 28S ribosomal RNA   BC102565.1 F: GTTGGAGTCAGAGCGAGAGG 60 
    	  	   R: AAGGCGACAACCCAGACATC 	  	  
 
a GAPDH intron-spanning primers, used to investigate gDNA contamination 
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Supplementary table 2.  List of rabbit primers used for qRT-PCR analysis 
Gene Symbol  Gene full name Accession number Primer sequences Tm 
ATP4A ATPase, H+/K+ exchanging, alpha polypeptide NM_001101701.1 F: GACATCCGCAAGGACCTCTA 60 
   R: ACATCTGCTGGAAGGTGGAC  
     
CMA1 Chymase 1, mast cell XM_002717925.1 F: AAACATGGCTTGGAGGAGTG 60 
   R: CCAGGTTGCAGGGTGATAGT  
     
COX-2 Cyclooxygenase 2 U97696.1 F: GCATTCTGGTCCATTGTGTG 64 
   R: ACGTTACTGGGGTGGAACAG  
     
IL-1β Interleukin 1, beta NM_001082201.1 F: TAGGAGCTGTCCTTGCTGGT 60 
   R: CTGTTGTCCTCCACCTCCAT  
     
IL-4 Interleukin 4 NM_001163177.1 F: GATGTGGAGGCCATGAACTT 62 
   R: TTGAGCACAGCATCAGGAAC  
     
IL-5 Interleukin 5 XM_002710201.1 F: TAGGAGCTGTCCTTGCTGGT 60 
   R: GTCGATCACGGAGGACAGTT   
     
IL-8 Interleukin 8 NM_001082293.1 F: GGCTGGTCTGCTTGAGAAAC 60 
   R: ACTTGCTTTTCCCACACACC  
     
IL-10 Interleukin 10 NM_001082045.1 F:AGACACCCACCAGAAGATGG 60 
   R:CAGGTCTGACTGCTCCGATT  
     
IL-13 Interleukin 13 XM_002710092.1 F: GCTTCCACCACGAAGAACAT 60 
   R: TACGATGAAAGCCCTGATCC  
INFγ Interferon, gamma NM_001081991.1 F: GGACAGACGGATTCCTACCA 62 
   R: GCCTCCTTTTCTGTGTGAGG  
     
MUC1 mucin 1  U85787.1 F: TGTGTCAACCCCGTGATCTA 60 
   R: AGAGTTCCTGCTCCCCTGTT  
     
MUC5AC mucin 5AC, oligomeric mucus/gel-forming 
ENSOCUT000000290
72 F: AAGAAGGGACTTCGTGCTGA 60 
   R: ACATGATGTCGTGGAGACCA  
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Gene Symbol   Accession number Primer sequences Tm 
     
TGFβ Transforming growth factor, beta  XM_002722312.1 F: GCCAGGAAGTCTTTGGTCTG 60 
   R: TCTGGAACAACTGCTCATCG  
     
TNFα Tumor necrosis factor alfa NM_001082263.1 F: ATCAGTGTGGCAGTGGGACT 60 
   R: GGCCAGTGTCTCCGTGTTTA   
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Summary 
Infections with the abomasal nematode Ostertagia ostertagi are considered as a 
major source of impaired production and economic losses in cattle throughout the 
temperate regions of the world. The decreased performance of infected calves is caused 
by the profound pathophysiological changes occurring at the abomasal level and the 
retarded development of protective immunity, which requires several years of exposure 
to be effective. In the recent years the emergence anthelmintic resistance led to 
substantial efforts to develop alternative control approaches. This implies a better 
understanding of the pathophysiology and the immunobiology of bovine ostertagiosis. 
In the first part of Chapter 1, a general overview is given on the anatomy and 
physiology of the abomasum. The abomasal mucosa is organized in well-defined units 
referred to as gastric glands, which are composed by different cell lineages. 
Homeostasis of this highly renewing epithelium is under a tight regulation of different 
signalling pathways that keep a balance between cell proliferation and cell 
differentiation. Among the cells of the gastric mucosa, parietal cells play a central role 
in the abomasal physiology, as they are responsible for gastric acid secretion. Gastric 
acid secretion is mainly initiated by histaminergic and cholinergic stimulations, which 
in turn trigger the recruitment of H+/K+ ATPase Channel in secretory structures. On the 
other hand, parietal cell function can be inhibited by several growth factors and 
inflammatory mediators. Infections with abomasal nematodes can result in profound 
morpho-physiological and immunological changes, which are described in the second 
part of Chapter 1. Bovine ostertagiosis is characterized by the impairment of parietal 
cell function and the replacement of functional parietal cells by an undifferentiated and 
hyperplastic cell population. It has been suggested that these changes are partly induced 
by the host immune response and/or parasite chemicals. Infected calves are able to 
mount an early immune response within a few days of infection, which consists of 
increased number of lymphocytes, increased antibody titers, eosinophilia and 
mastocytosis. In parallel, O. ostertagi infection elicits the upregulation of Th1/ Th2 type 
cytokines. The implication of these changes on the outcome of an O. ostertagi infection 
is still a subject of debate. Despite the advances in our knowledge of abomasal 
nematode pathogenesis, there are still some underlying mechanisms that are largely 
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unknown, such as the origin of parietal cell loss, mucous cells hyperplasia and the 
persistence of infection for a long period of time. 
Analysing gene expression profiles can facilitate a better understanding of the 
molecular mechanisms governing the pathogenesis of nematode infections. Quantitative 
Real-Time PCR (qRT-PCR) is widely used as a tool to study host responses against 
parasites. A crucial step in the gene quantification process is the normalization of the 
expression data against stable housekeeping genes (HKGs). However, in recent years, 
several reports have showed that the transcriptional levels of such HKGs can change 
dramatically, especially when cellular changes appear in the tissues investigated. The 
aim of the study presented in chapter 2 was to assess the variability of 11 putative 
HKGs in bovine abomasal tissue during an infection with the parasitic nematode O. 
ostertagi. Gene transcription levels of selected potential HKGs were measured by qRT-
PCR and the expression stabilities evaluated using geNorm, NormFinder and Kruskal-
Wallis test with Dunn’s multiple comparison post hoc tests. The analysis showed that 
all the putative HKGs considered in this study, including the ones selected by geNorm 
and NormFinder, were found to be significantly upregulated in infected animals 
compared to the controls, clearly suggesting that none of these genes can actually be 
used as a HKG. The greatest alterations in gene transcription levels appeared at 24 dpi, 
which might be due to the dramatic changes in cell populations occurring in the 
abomasal tissue at this infection time point. To demonstrate the effect of normalizing 
target gene transcription levels with unstable HKGs, IL-4 transcription levels were 
assessed using different normalization procedures. Our findings clearly showed that 
gene expression levels determined using HKGs differed significantly from those 
determined without normalization. The potential for HKG selection to impact candidate 
transcript levels is therefore an important consideration for studies of parasite-infected 
tissue. All together these data showed that the use of unstable housekeeping genes could 
affect the accuracy of RNA quantification. Therefore, non-normalized relative 
quantities can also used as an alternative approach for an accurate quantification of gene 
expression during an O. ostertagi infection. 
Subsequently, a combination of transcriptional analysis, histology, and in vitro 
approaches were used in Chapter 3 to unravel the molecular mechanisms behind the 
mucosal cell hyperplasia and parietal cell dysfunction during bovine ostertagiosis. O. 
ostertagi infection resulted in a marked cellular hyperplasia, which can be explained by 
increased transcriptional levels of signalling molecules related to the homeostasis of 
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gastric epithelial cells such as HES1, WNT5A, FGF10, HB-EGF, AREG, ADAM10 and 
ADAM17. Intriguingly, histological analysis indicated that the rapid rise in the gastric 
pH, observed following the emergence of adult worms, cannot be explained by a loss of 
parietal cells, as a decrease in the number of parietal cells was only observed following 
a long term infection of several weeks, but is likely to be caused by an inhibition of 
parietal cell activity. To investigate whether this inhibition is caused by a direct effect of 
the parasites, parietal cells were co-cultured with parasite Excretory/Secretory products 
(ESPs) and subsequently analysed for acid production. The results indicated that adult 
ESPs inhibited acid secretion, whereas ESPs from the L4 larval stages did not alter 
parietal cell function. In addition, data revealed that the inhibition of parietal cells by O. 
ostertagi ESPs is not triggered at the cAMP generation level by the histamine receptor. 
Furthermore, we found that the inhibition of parietal cell activity could be mediated by a 
marked upregulation of inflammatory factors, which are partly induced by adult ESP in 
abomasal epithelial cells. 
In Chapter 4, we aimed to provide more information on the kinetics of the 
immunological changes occurring in the abomasal mucosa after single and trickle 
infections with the bovine parasite Ostertagia ostertagi. The time course analysis of 
gene expression revealed that marked changes coincided with the emergence of adult 
worms from the gastric glands. These changes consisted of a simultaneous upregulation 
of Th1 and Th2-type cytokines. In addition, a single O. ostertagi infection elicited an 
upregulation of the epithelial derived cytokine IL-33, while TSLP expression levels 
were not impacted. Apart from the massive increase of inflammatory cytokines IL-6, IL-
17 and IL-21, O. ostertagi infection also elicited an upregulation of the 
immunosuppressors TGFβ, IL-10 and ARG1, as well as NK and γδ-T cell markers. 
Furthermore, the cytotoxic factors granulysin, perforin and granzyme B were 
upregulated following an O. ostertagi infection. Analysis of cytokine transcript levels in 
animals receiving a natural infections for 60 days showed a similar trend as observed at 
24 DPI following a single challenge, except for TBX21, GATA-3, IL-33, FOXP-3, IL-6, 
IL-21, GATA-3, TRDC and NCR1, which were not impacted. In contrast ARG1 was 
significantly upregulated at 60 DPE. Moreover, only TGFβ, ARG1, IL-15, IL-17 and 
TRDC were significantly upregulated at 60 DPI in the animals, which have been 
infected artificially by a trickle challenge. Finally, Eosinophil and mast cell counts 
increased significantly in naturally infected animals (60 DPE) compared to the 
uninfected group, whereas a trend but not a significant increase of eosinophil and mast 
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cell numbers was observed at 21 days following a single infection as well as in animals 
receiving an artificial trickle challenge (60 DPI) (Table 1).  
The purpose of the study presented in Chapter 5 was to evaluate the suitability 
of the rabbit nematode Graphidium strigosum as a laboratory model to study the 
pathophysiological and the immunological changes occurring at the gastric level upon 
abomasal nematode infections in ruminants. Our data showed that G. strigosum 
colonized the upper part of the stomach, resulting in the emergence of white nodules. 
Microscopically, G. strigosum infection was associated with focal lesions consisting in 
inflammatory cell infiltration, the replacement of parietal cells by a proliferating cell 
population and the extension of neutral mucin producing cells. Despite the focal loss of 
parietal cells, the gastric pH of infected rabbits was not affected by the infection. Apart 
from the changes occurring at the epithelial cell level, G. strigosum infection triggered a 
weak and delayed upregulation of the Th2 type cytokines IL-4, IL-10 and IL-13. 
Interestingly, G. strigosum infection also elicited an upregulation of the mast cell 
protease CMA1. Despite the induction of a mucosal immune response at 90 days post 
infection, the number of adult worms remained unchanged. Based on the observations 
described in the two previous chapters, the current study showed that the 
pathophysiological changes induced by G. strigosum infection differ substantially from 
those described previously for abomasal nematode infections. However G. strigosum 
infection seems to be an interesting model to understand the prolonged susceptibility of 
animals to gastric nematode infections. 
In the concluding chapter, the observations described above were further 
discussed in the light of the recent literature. The discussion focused on the possible 
hypotheses and the future perspectives regarding the implication of the parietal cell 
dysfunction mucosal cell hyperplasia and the immune response on O. ostertagi 
infection. Furthermore, in this section we described different putative laboratory 
models, which could be used to investigate the pathobiology of abomasal nematodes in 
ruminant   
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Samenvatting 
Infecties met de lebmaagnematode Ostertagia ostertagi worden beschouwd als een 
zeer belangrijke bron van economische verliezen en verminderde productie in de 
rundveesector, en dit in alle gematigde streken van de wereld. De verminderde 
prestaties van geïnfecteerde kalveren worden enerzijds veroorzaakt door de ingrijpende 
pathofysiologische veranderingen in de lebmaag en anderzijds door de trage 
ontwikkeling van een beschermende immuniteit, waarvoor een aantal jaren blootstelling 
aan de parasiet noodzakelijk zijn.  In de afgelopen jaren heeft de opkomst van 
resistentie tegen bestaande anthelminthica geleid tot aanzienlijke inspanningen in het 
ontwikkelen van alternatieve controle-strategieën. Hiervoor is het eveneens belangrijk 
een beter begrip te hebben van de pathofysiologie en de immunobiologie van 
ostertagiosis bij runderen. 
In het eerste deel van hoofdstuk 1 wordt een algemeen overzicht gegeven van de 
anatomie en fysiologie van de lebmaag. Het lebmaagslijmvlies is verdeeld in duidelijk 
gedefinieerde eenheden die lebmaagklieren genoemd worden en samengesteld zijn uit 
verschillende celtypes. Homeostase van dit zichzelf snel hernieuwend epitheelweefsel 
wordt strak gereguleerd door verschillende signaaltransductiewegen die het evenwicht 
tussen celproliferatie en celdifferentiatie proberen te behouden. Van de verschillende 
celtypes die in het maagslijmvlies voorkomen, spelen de pariëtale cellen een cruciale rol 
in de fysiologie van de lebmaag, gezien deze verantwoordelijk zijn voor de 
maagzuurafscheiding. Deze maagzuurafscheiding wordt voornamelijk op gang gebracht 
door histaminergische en cholinergische stimulaties die op hun beurt leiden tot een 
rekrutering van H+/K+ ATPase kanalen in secretoire structuren. Anderzijds kan de 
functie van pariëtale cellen afgeremd worden door verschillende groeifactoren en 
ontstekingsmediatoren. Infecties met lebmaagnematoden kunnen resulteren in ernstige 
morfofysiologische en immunologische veranderingen, die worden beschreven in het 
tweede deel van hoofdstuk 1. Ostertagiosis in runderen wordt gekenmerkt door een 
aantasting van de pariëtale cel-functies en een vervanging van functionele pariëtale 
cellen door een ongedifferentieerde en hyperplastische celpopulatie. Er wordt 
gesuggereerd dat deze veranderingen gedeeltelijk veroorzaakt worden door de 
immuunrespons van de gastheer en/of door chemicaliën afkomstig van de parasiet. 
Geïnfecteerde kalveren zijn in staat om binnen enkele dagen na infectie een vroege 
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immuunrespons op te wekken, die bestaat uit een verhoging van het aantal lymfocyten 
en eosinofielen, verhoogde antilichaam-titers, en mastocytose. Terzelfdertijd zorgt een 
infectie met O. ostertagi voor een opregulatie van Th1/ Th2 type cytokines. De 
gevolgen van deze veranderingen op de uitkomst van een O. ostertagi infectie zijn nog 
steeds een onderwerp van discussie. Ondanks de vooruitgang in onze kennis wat betreft 
de pathogenese van lebmaagnematoden, zijn er nog steeds enkele onderliggende 
mechanismen die grotendeels onbekend blijven, zoals de oorzaak van het verlies van 
pariëtale cellen, de hyperplasie van slijmcellen en de reden voor het langdurig 
aanhouden van de infectie . 
Het analyseren van genexpressieprofielen kan zorgen voor een beter begrip van de 
moleculaire mechanismen die de pathogenese van nematodeninfecties mogelijk maken. 
Kwantitatieve real-time PCR (qRT - PCR) is een techniek die op grote schaal gebruikt 
wordt als instrument om de gastheerrespons tegen parasieten te bestuderen. Een cruciale 
stap in het proces om een gen te kwantificeren is het normaliseren van de expressiedata 
ten opzichte van stabiele huishoudgenen (HKGs). Recentelijk hebben verschillende 
rapporten echter aangetoond dat de transcriptieniveaus van dergelijke HKGs drastisch 
kunnen veranderen, vooral in het geval er cellulaire veranderingen optreden in de te 
onderzoeken weefsels. Het doel van de studie die in hoofstuk 2 wordt gepresenteerd is 
het onderzoeken van de variabiliteit van 11 mogelijk HKGs in lebmaagweefsel van 
runderen gedurende een infectie met de parasitarie nematode O. Ostertagi. 
Gentranscriptieniveaus van enkele potentiële HKGs werden gemeten met behulp van 
qRT-PCR en de stabiliteit van de expressie werd geëvalueerd met behulp van geNorm, 
NormFinder en de Krustal-Wallest test in combinatie met Dunn’s multiple comparison 
post hoc testen. Deze analyse heeft aangetoond dat alle mogelijke HKGs die in deze 
studie werden getest, inclusief deze die door geNorm en NormFinder werden 
geselecteerd, significant werden opgereguleerd in geïnfecteerde dieren ten opzichte van 
de controles, wat duidelijk suggereert dat geen van deze genen als HKG kan worden 
gebruikt. 
De grootste veranderingen in gentranscriptieniveaus traden 24 dagen na infectie op, 
wat mogelijks het gevolg is van de dramatische veranderingen die de celpopulaties in de 
lebmaag op dit moment ondergaan. Om het effect aan te tonen dat normaliseren met 
onstabiele HKGs heeft op een te onderzoeken gen, werden IL-4 transcriptienieaus 
gemeten gebruik makend van verschillende normalisatieprocedures. Onze bevindingen 
tonen duidelijk aan dat genexpressieniveaus bepaald met behulp van HKGs aanzienlijk 
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verschilden van deze bepaald zonder normalisering. De mogelijke impact die het 
selecteren van HKGs heeft op transcriptieniveaus van een te onderzoeken gen is daarom 
een belangrijke bedenking die moet gemaakt worden bij het onderzoeken van door 
parasieten geïnfecteerd weefsel. Deze gegevens tonen aan dat het gebruik van 
onstabiele huishoudgenen de juistheid van RNA kwantificatie kunnen beïnvloeden. 
Derhalve kunnen niet-genormaliseerde relatieve hoeveelheden ook gebruikt worden als 
een alternatieve methode voor het kwantificeren van genexpressie gedurende een 
infectie met O. ostertagi. 
In hoofdstuk 3 werd vervolgens een combinatie van transcriptie-analyse, histologie 
en in-vitro studie gebruikt om de moleculaire mechanismen achter de mucosale 
hyperplasie en pariëtale celdysfunctie bij runderostertagiosis te ontrafelen. O. ostertagi 
infectie resulteerde in een duidelijke cellulaire hyperplasie, wat verklaard kan worden 
door verhoogde transcriptieniveaus van signaalmoleculen gerelateerd aan de 
homeostase van maagepitheelcellen zoals HES1, WNT5A, FGF10, HB-EGF, AREG, 
ADAM10 en ADAM17. Na een histologische analyse bleek vreemd genoeg dat de snelle 
stijging van de pH in de maag niet kan worden verklaard door het verlies van pariëtale 
cellen, gezien de afname van deze cellen pas na een langdurige infectie van enkele 
weken werd waargenomen, maar waarschijnlijk wordt veroorzaakt door een remming 
van de pariëtale celactiviteit. Om te onderzoeken of deze remming veroorzaakt wordt 
door een direct effect afkomstig van de parasieten, werden pariëtale cellen samen met 
excretie/secretie materiaal (ESPs) van de parasiet in cultuur gezet en vervolgens 
geanalyseerd op zuurproductie. De resultaten gaven aan dat ESPs afkomstig van 
volwassen wormen de zuursecretie remde, terwijl ESPs afkomstig van de L4 larvaire 
stadia de pariëtale celfunctie niet wijzigde. Tevens bleek dat de inhibitie van pariëtale 
cellen door ESPs afkomstig van O. Ostertagi niet veroorzaakt werd op cAMP 
productieniveau door een stimulatie van de histamine receptor. Bovendien vonden we 
dat de remming van pariëtale celactiviteit zou kunnen gemedieerd worden door een 
sterk verhoogde productie van ontstekingsfactoren in lebmaagepitheelcellen die 
gedeeltelijk veroorzaakt wordt door ESP van volwassen wormen. 
Het doel van hoofdstuk 4 was om meer informatie te verschaffen over de kinetiek 
van de immunologische veranderingen die plaatsvinden in het lebmaagslijmvlies na 
enkelvoudige en meervoudige infecties met de runderparasiet Ostertagia ostertagi. Een 
analyse van het tijdsverloop van de genexpressies laat duidelijk zien dat de grote 
veranderingen in genexpressie samenvallen met de opkomst van volwassen wormen in 
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de lebmaagklieren. Deze veranderingen bestaan uit een gelijktijdige opregulatie van 
zowel Th1 als Th2 type cytokines. Bovendien zorgde een enkelvoudige O. ostertagi 
infectie voor een opregulatie van het van epitheliale cytokine IL-33, terwijl de 
expressieniveaus van TSLP onveranderd bleven. Naast een sterke toename van de 
inflammatoire cytokines IL-6, IL-17 en IL-21, veroorzaakte een O. Ostertagi infectie 
ook een opregulatie van de immunosuppressiva TGFβ, IL-10 en ARG1, alsook van 
merkergenen van γδ-T-cellen en NK-cellen. Bovendien werden de cytotoxische factoren 
granulysin, perforin en granzyme B eveneens opgereguleerd na een infectie met O. 
ostertagi. Bij een analyse van de cytokine-transcriptniveaus bij dieren die aan een 
natuurlijke infectie werden blootgesteld, werd een trend vastgesteld gelijkaardig aan 
deze gezien 24 dagen na een enkelvoudige infectie, behalve voor de genen TBX21, 
GATA-3, IL-33, FOXP-3, IL-6, IL-21, GATA-3, TRDC en NCR1, die in deze dieren 
onveranderd bleven. In contrast hiermee was ARG1 significant opgereguleerd na 60 
dagen blootstelling aan een natuurlijke infectie. In de dieren die artificieel werden 
geïnfecteerd met een meervoudige infectie, waren enkel TGFβ, ARG1, IL-15, IL-17 en 
TRDC significant opgereguleerd. Ten slotte verhoogden de aantallen eosinofielen en 
mastcellen significant in de dieren die 60 dagen aan een natuurlijke infectie werden 
blootgesteld (60 DPE), terwijl een trend maar geen significant verschil in toename van 
eosinofiel en mastcel-aantallen werd vastgesteld bij dieren 21 dagen na het krijgen van 
een enkelvoudige infectie (21DPI), als bij dieren 60 dagen na het krijgen van een 
meervoudige infectie (60 DPI). 
Het doel van de studie beschreven in Hoofdstuk 5 was om te onderzoeken of de 
konijnnematode Graphidium strigosum geschikt is als laboratoriummodel ter evaluatie 
van de pathofysiologische en immunologische veranderingen op maagniveau bij 
herkauwers na infecties met lebmaagnematoden. Onze gegevens toonden aan dat G. 
strigosum het bovenste deel van de maag koloniseert, wat uiteindelijk resulteert in het 
ontstaan van witte nodules. Op miscroscopisch niveau is een infectie met G. strigosum 
geassocieerd met focale letsels die bestaan uit inflammatoire celinfiltratie, een 
vervanging van de pariëtale cellen door een prolifererende celpopulatie en een 
uitbreiding van de neutrale mucine producerende celpopulatie. Ondanks het focale 
verlies van pariëtale cellen, werd de pH van de maag van geïnfecteerde konijnen niet 
beïnvloed door de infectie. Naast de veranderingen die zich op het niveau van 
epitheelcellen afspelen, veroorzaakt een infectie met G. strigosum een vertraagde 
opregulatie van de Th2 cytokines IL-4 , IL-10 en IL-13. Interessant is ook dat een G. 
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strigosum infectie een opregulatie van het mastcel-protease CMA1 tot gevolg heeft. 
Ondanks de inductie van een mucosale immuunrespons op 90 dagen na infectie, blijft 
het aantal volwassen wormen ongewijzigd. Op basis van de in de vorige twee 
hoofdstukken beschreven waarnemingen, kunnen we zeggen dat de huidige studie 
aantoont dat de pathofysiologische veranderingen na een G. strigosum infectie 
aanzienlijk verschillen van deze die eerder werden beschreven voor lebmaagnematode-
infecties. Een infectiemodel met G. strigosum kan echter wel interessant zijn voor een 
beter begrip van de langdurige gevoeligheid die dieren hebben bij infecties met 
maagnematoden. 
In het afsluitende hoofdstuk worden de hierboven beschreven waarnemingen verder 
besproken in het licht van de recente literatuur. De discussie spitst zich toe op mogelijke 
hypothesen en toekomstperspectieven wat betreft de implicaties die de pariëtale 
celdysfunctie, mucosale celhyperplasie en de immuunrespons kunnen hebben op een O. 
ostertagi infectie. Voorts worden in dit hoofdstuk andere laboratoriummodellen 
beschreven die zouden kunnen gebruikt worden om de pathobiologie van 
lebmaagnematoden in herkauwers te onderzoeken. 
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